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IRON ORE SUPPLY FOR. THE FUTURE. 
WILLIAM O. HOTCHKISS. 


Tue Congress of the United States has adopted a plan to provide stock piles 
of materials for defense purposes in case of any future war emergency. In 
this connection it is pertinent to enquire into the situation of future iron 
ore supply and its relation to future peace-time development and future emer- 
gency. 

The aggregate value of materials that are at present estimated by Army and 
Navy officials to be needed in stock piles is about $2.1 billion. Of this total 
about $300 million, it is expected, will be materials left over from the last war. 
This leaves $1.8 billion worth of materials to be acquired. 

The Army and Navy Munitions Board program contemplates that these 
stock piles be completed in five years, at an average rate of $360 million per 
year. The last Congress appropriated for these stock piles $100 million for 
the current fiscal year. Reports indicate that the present Congress may ap- 
propriate only a fraction of $100 million for the 1947-48 fiscal year. At this 
rate it will take from 18 to 50 years to complete the currently planned stock 
piles. 

The public has little or no knowledge of this somewhat technical matter 
of providing stock piles of materials for future emergencies. The geologists 
and mining engineers are the only civilian groups who can be expected to be 
fully aware of it. Upon them, therefore, rests the burden of securing adequate 
public and congressional attention tothe necessity of having stock piles of ma- 
terials available for any emergency that may arise. If these technical men do 
not effectively perform this duty it is almost certain that there will be inade- 
quate preparation for the future. 

However strong may be the hope for peace it must not be forgotten that 
there is as yet no guaranty of world peace that can be accepted as an alterna- 
tive for capacity for defense. A basic measure of the ability of a nation to 
defend itself is its capacity to produce steel. No matter what other means of 
defense are available, steel is the basis of the equipment of armies and of 
shipping. 


1 Address by the retiring President, Society of Economic Geologists, New York Meeting, 
March, 1947 
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Under the plans of the Army and Navy Munitions Board, which, within 
the limits of appropriation, guide present stock pile accumulations the com- 
modities of “iron ore,” “scrap iron,” and “steel” are listed in Group C, which 
includes “Materials which are not now recommended for stock piling.” 

It is my strong conviction that this is a serious mistake. If we are to be 
able to produce the quantity of steel needed to meet any future emergency there 
must be available at the time of need adequate stock piles of one or all of these 
materials to supplement the steel that can be made from current production of 
ore and scrap. It may well be asked what is the advantage of having stock 
piles of chromite, manganese, nickel, tungsten and vanadium if there is in- 
sufficient material to make the steel to be alloyed with them. 

Study of the figures for production of iron ore for the last forty years shows 
that demands during war time greatly exceed those of peace time. In the five 
years 1911-1915 the United States produced 258 million tons of iron ore. 
In the five war years 1916 to 1920 it produced 349 million tons, an increase 
of about 90 million. This war excess of 90 million tons equalled the produc- 
tion of 1.8 years at prewar rates. 

In the five prewar years, 1935 to 1939, the total United States iron ore 
production was 234 million tons, a yearly average of 47 million. In the six war 
years, 1940 to 1945, the total produced was 555 million tons, a yearly average of 
93 million. This comparison would indicate that the excess war demands 
averaged 46 million tons per year for six years. However, this comparison is 
not valid, since most of the 1935 to 1939 years were in depression times with 
subnormal production. Allowing for this the excess war demand may be 
estimated as about 200 million tons, equivalent to the production of 4 years at 
the prewar rate, or 314 times an assumed normal prewar capacity of 60 million 
tons per year. 

From this hindsight it is obvious that the size of this excess war demand 
furnishes ample justification for the grave fears, existing in 1942, that the 
United States might be unable to produce ore enough to meet its needs if the 
war continued into 1947 as was then considered possible. 

An excess equal to 1.8 years of prewar production was needed in World 
War I. An excess equal to 34, years of prewar normal capacity was de- 
manded by World War II. What will be the excess demanded if another 
world war should arise? No one knows. But anyone knows that the only 
safe estimate will be one that is larger than for the last war. Detailed esti- 
mates must be left to the calculations of military and industrial experts. But 
there is no doubt that if there is another war, iron ore will be in the same 
category as copper, lead and zinc. These three metals the United States has 
in the past produced in amounts that met its peacetime needs. In World War 
II the need was double the peace time production and it was necessary to 
scour the world to obtain barely adequate supplies. Because of this experience 
no one doubts that stock piles of these metals must be accumulated. 

From the facts available it is evident that it is conservative to assume 
that the excess demand for iron ore in another war will approximately equal 
4 years of the then normal production rate. With this assumption as a base 
the facts available can be examined to see whether or not it is likely that 
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sources of supply will be adequate. This excess demand may require, in the 
event of another war, doubling the annual production as a probable maximum. 
If producers will be able to meet such a demand there is no necessity for stock 
piles of iron ore. If they cannot meet the demand, steel production will be in- 
adequate unless iron ore (and iron or steel) is available from sources other 
than normal current production. 

Fortunately, for our purpose of analyzing this capacity, a careful study of 
United States needs and supplies for the future has been made recently by the 
U. S. Bureau of Mines and the U. S. Geological Survey. Conclusions were 
presented in Mining and Metallurgy for April 1945 by Elmer Pehrson. The 
iron ore needed by our steel industry is given as curves for maxima and 
minima. For 1960 and 1970 the minima given are 90 million tons and 94 
million tons. The maxima are 107 million tons and 115 million tons. 

If we assume that the United States will use an average of 85 million tons 
of iron ore per year from 1947 through 1960 we cannot be far wrong. The 
amount by which average actual consumption will vary from this assumed ton- 
nage can be only a small percentage. For the 14 years from now to the end of 
1960 the total ore needed will be 1.2 billion tons at the Pehrson minimum. At 
his maximum it would be 1.47 billion. 

The critical ore producer for our present consideration is the one that has 
supplied 85 per cent of the United States total for 50 years, the Lake Superior 
district. The other ore producing areas have furnished only 15 per cent of our 
requirements. Approximately eightly per cent of the present steel capacity 
of the United States has been built with relation to the Lake Superior supply. 
There is no likelihood that these steel producers can all be adequately sup- 
plied from other domestic or from foreign sources. So it is reasonably cer- 
tain that Lake Superior must supply 85 per cent of the above 1.2 or 1.47 
billion tons needed through 1960 if these plants continue to produce steel in nor- 
mal percentage. This demands 1 billion tons minimum or 1.25 billion maxi- 
mum from the Lake Superior district. 

With this demand in mind we can now examine the capacity of the Lake 
Superior district to meet it. Estimates of the reserves of iron ore in this dis- 
trict at the end of 1946 are as shown in the accompanying table.* 


Ore RESERVES OF THE LAKE Superior District. LonG Tons. 





Range Reserves 1945 Shipments 

Mesabi. Open Pit. Direct Shipping ........... 486,517,000 42,705,000 

Open Pit COROGMEMEE cic ve veciccweses 102,298,000 13,875,000 
OU GME . cna ocean vane biw.cukas 10,839,000 - 

Underground. Direct Shipping ....... 339,188,000 1,646,000 

Underground Concentrate ............ 53,790,000 143,000 

ME. n6ols bs Vad e SNe whe aaa 992,632,000 58,369,000 

Other Lace Superior RARGGS .vicccvccccssccsves 210,603,000 16,452,000 

1,203,235,000 74,821,000 


These are official estimates of reserves for taxation purposes. As such they 
have a proper element of conservatism. It is generally recognized by those ac- 


2 Figures from E. W. Davis in Mining and Metallurgy for Jan. 1947 and U. S. Bureau of 
Mines. 
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quainted with the situation that the actual ore recovered will be somewhat 
greater than these estimates. The recovery from the Lake Superior ranges, 
other than Mesabi, may possibly be double the official estimate of 210 million 
tons. However, no such proportionate increase from the Mesabi is possible. 
Here the relatively shallow, flat-lying ore deposits lend themselves to cheap 
drilling and very accurate ore estimates. To hope that the ore actually re- 
covered may be as much as 20 per cent greater than the estimates would be 
very optimistic. But if we use these two guesses as to over-run the total 
reserves would be 


CE SE. 5. 0-d-s dint o 06 Wetoek eames eeeens 1.2 billion tons 


Kile wees ... 4 billion tons 


Possible overrun 


I in Gitaac 3 ae tod cdc d wa a gaara 1.6 billion tons 


If these reserves could be produced in the future at the above assumed aver- 
age annual rates through 1960, which of course is impossible, the life of these 
reserves would be as indicated below. 


Life Probability 


At Min. Average At Max. Average 
Reserves Rate 71.5 Million Rate 89.2 Million 
Official Est cotnceene Bonen fm 16.8 years 13.4 
Possible Over-run we + billion tons 
Total ‘ ana xaita 1.6 billion tons 22.4 years 17.9 
But the actual situation is not so favorable as these life figures show. The 


greater part of Lake Superior production comes from the open pit mines. 
These have reserves officially estimated at about 590 million tons including both 
direct shipping and concentrating ore. In 1945 they shipped 56.6 million tons. 
Incidentally it may be mentioned that this was 64 per cent of the United States 
production of 88.4 million tons, and 78 per cent of the Lake Superior 
production. At this rate the present open pit reserves would be completely 
exhausted in a little more than 10 years. 

The rapid exhaustion of the open pit ores is well illustrated by a few 
facts concerning the great open pit ore body at Hibbing on the Mesabi range. 
It originally contained 420 million tons of ore. Shipments total 381 million 
tons. There are now about 39 million tons left, less than 10 per cent. The 
shipments from this one pit comprise 39.5 per cent of the total Mesabi range 
shipments in all its history. From 1940 to 1945, the war years, this pit shipped 
125 million tons, 22.5 per cent of total United States ore production, and 26.5 
per cent of the Lake Superior production. In one great year, 1942, when need 
was greatest, it shipped 28.7 million tons. This was 27.3 per cent of the 
total United States production, 31.6 per cent of the total Lake Superior pro- 
duction, and 37.1 per cent of the Mesabi production of direct-shipping, open 
pit ore. With its 39 million tons remaining it is still the largest ore body in 
the Lake Superior district, but it will be gone in a few years. It will never 
again contribute 28.7 million tons in one year to meet either war or peace- 
time needs. 


With all these facts before us it is readily believeable that within six « 


r 


eight years the Lake Superior district will begin to be unable, from its re- 
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serves of presently usable ore, to supply fully the needs of the 80 per cent of 
the steel production that now depends on it. 

Here lies a most serious problem. It concerns both defense objectives 
and the economic welfare of the country in peace time. While the public and 
most members of Congress have little or no knowledge that this problem exists, 
the steel industry is acutely aware of it. Intensive search for new foreign 
ores has been actively under way for a number of years, with some notable suc- 
cess. Foreign sources of supply, however, offer little security in war time. 
The great steel capacity dependent on Lake Superior sources could be sup- 
plied from foreign sources in peace time only at increased difficulty and cost. 
So even greater interest exists in developing methods of concentrating taco- 
nite. Industrial and government laboratories are busily working toward this 
objective. Their success will make available as reserves many billions of 
tons of taconite, containing 25 to 35 per cent iron. There are rumors that 
some of these concentrating processes may be in moderate scale production in 
two or three years. But the present fact is that in the Lake Superior dis- 
trict commercial concentrating plants for taconite remain to be constructed 
and to demonstrate that they can successfully manufacture usable iron ore at 
commercially acceptable costs. There is warrantable hope for success, but 
as yet no realization. At best it will be several years before any large ton- 
nage of concentrated taconite can be produced. The steel industry and the 
country as a whole will be extremely fortunate if the number of such concen- 
trating plants can be increased sufficiently rapidly to take the place of the 
present open pit ore bodies as they gradually reach exhaustion. 

When it is remembered that the shortest lived ore supply is that from the 
open pits, and that it is this which must be largely or wholly supplanted by con- 
centrated taconite the vital importance of success in those concentration ex- 
periments is apparent. 

The open pits of the Mesabi range, with their great capacity to expand pro- 
duction, have been able to meet the rapidly increased demands for ore in the 
last two wars. More power shovels and cars could be readily put to work to 
produce the additional ore needed. This capacity for great increase in pro- 
duction from open pits has led to the suggestion that the federal government 
should acquire the open pit mines and hold them as a war reserve. The total 
of such tonnage is approximately the right size for this purpose. The sugges- 
tion seems attractive until it is studied more closely and its effect on peace time 
steel production is examined. Such a move by the government would im- 
mediately cut necessary ore supplies for our steel production by nearly 60 
per cent of the annual Lake Superior production, or by about half of the total 
yearly iron ore production of the United States. There is no possible source 
from which ore could be supplied to replace the Mesabi open pit production, 
without advance notice of 6 or 8 years, or more. Without this open pit ore 
steel production would be cut to approximately half the present tonnage. The 
catastrophic effect of such a contingency on the general business of the country 
is unthinkable. The ore from the open pits must be used to keep up steel pro- 
duction until the great plants yet to be built to concentrate taconite can assume 
the burden. When this time comes it is quite unlikely that sufficient open pit 
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ore will be left to make an adequate war reserve. So it is apparent that the 
suggestion of taking the open pit ore as a war reserve is unworkable. 

From these considerations it is certain that in a relatively short period of 
years we face conditions with regard to our supply of iron ore that are very 
different from those prevailing in the last two wars. Then we were blessed 
with vast capacity to expand our iron ore production from the open pit mines. 
In any future war emergency this great capacity for rapid, easy expansion will 
no longer exist. Iron ore supplies will have to come from underground mines 
and from vast, costly, concentrating plants. Neither source will be able to 
greatly increase production over peace time capacity. The concentrating 
plants will be expensive to build and to operate. Efficiency will require capac- 
ity operation. Idle excess capacity to produce double the normal demand 
would be uneconomic and would make our peace time iron ore supply unduly 
expensive. 

A secure supply of iron ore for a war emergency must lie within our own 
borders where no enemy control of the seas could endanger it. With the 
changed conditions that face our future iron ore supply there seem to be only 
two alternatives that will assure adequate quantities. That we must have such 
supplies available if we are to be able to defend ourselves is beyond question. 

The first of these alternatives is the accumulation during peace time of ade- 
quate stock piles of iron ore, scrap, pig iron, or steel, of some or all of these 
as military and industrial experts may decide is best. 

The second alternative is for the government to build or otherwise provide 
great standby plants of adequate productive capacity for concentrating taconite 
on the Mesabi range or similar iron formations on others of the Lake Superior 
ranges. 

Which of these two alternatives is adopted must of course depend on care 
ful and complete study. My purpose is: to state the urgent necessity of pro- 
viding for adequate steel supplies for our defense, not specifically to urge one 
or the other alternative. There are however what appear to me to be obvious 
advantages of stock piling over standby concentrating plants. I shall mention 
some of them only to complete the argument. 

Stock piles would be almost completely immune to serious bomb damage, 
while concentrating plants would be among first priority bomb targets. Stock 
piles would be located in steel plant areas with the production and transporta- 
tion costs paid at peace time rates. They would be available even though the 
enemy had been able to dstroy the great locks as Sault Ste. Marie and so 
stopped for possibly a year nearly all Lake Superior shipments. Even though 
stock piles might cost more than concentration plants, they would not deteri- 
orate as would the plants. 

When time proves that the United Nations can be accepted as a safe guar- 
anty of peace between the nations stock piles would be much more valuable in- 
dustrial assets than depreciated and possibly obsolete concentrating plants. 

In conclusion let me repeat that a basic measure of the ability of a nation 
to defend itself is its capacity to produce steel. For the United States there is 
not at present a sufficient reserve ore supply to meet its needs in war time. 
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ABSTRACT. 


Extremely rich gold shoots are scattered in the Sixteen To One vein 
in otherwise almost barren quartz. The main result of this study is the 
recognition of some structural features that might guide exploration for 
ore shoots. 

The Alleghany gold-quartz veins occupy a conjugate system of reverse 
faults which may have formed due to lateral compression from intrusion 
of ultramafics and mafics into the schistose country-rock. Alteration on the 
Sixteen To One vein apparently began before serpentinization of the ultra- 
mafics had ended. Early chloritization, sericitization, and especially, car- 
bonatization, are suggested to have released silicon from adjacent and 
deeper wall-rock to be deposited in vein and wall-rock quartz, vein quartz 
being a concentrated alteration product. 

The ore minerals are thought to have deposited during the latter part 
of vein quartz deposition while the vein and wall-rock were cooling. Ore 
minerals show little replacement of each other or of quartz. The early 
ore minerals formed bulky grains, ascribed mainly to open-space filling or 
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replacement of carbonate; as vein quartz increased, the later ore minerals, 
ending with gold, formed increasingly tenuous patterns as fracture-fillings 
and a great variety of marginal deposits on grains of earlier ore minerals 
or quartz. 

The positions, production, and some characteristics of practically all 
ore shoots mined were ascertained and compared with other features of 
the vein and wall-rock. Correlations of these features with gold were 
reduced to numerical statements termed association indices. The most 
significant findings are: (1) high-grade commonly follows late shears on 
or near the vein walls, especially the foot-wall, or crosses the vein 
diagonally up-dip on intravein shears and ribbons; (2) the high-grade 
distribution accords with that of openings expectable from the reverse 
movement indicated: high-grade is most abundant where the vein is 
flatter than adjacent areas along both strike and dip, and virtually lack- 
ing in correspondingly steep areas; (3) serpentinite and cross-faults 
partly localized by serpentinite steepened the vein shear-zone: much high- 
grade occurs in complementary flats and near cross-fault intersections. 


INTRODUCTION, 


Tue Alleghany district is on the upper west slope of the Sierra Nevada 
about 18 miles north of Nevada City. It produced much gold from placers 
discovered in 1850, but since 1900 production has been derived mainly from 
quartz veins containing scattered but extraordinarily rich gold shoots. The 
Sixteen To One vein is the largest and has produced two-thirds of the total 
lode gold of about 1,100,000 ounces.’ 

Reliance for the geological setting of the vein was placed on Ferguson 
and Gannett’s work.? Maps by earlier investigators supplied information on 
some now inaccessible workings. Field work was done in 1939 and 1940, re- 
sulting in a thesis on which this paper is based.* I received help and advice 
from many people, particularly C. A. Bennett, superintendent of the mine, and 
Prof. L. C. Graton. E. H. Walker, W. P. Fuller, Jr., and D. B. Dill, Jr. as- 


sisted in underground mapping in 1940. 


GENERAL GEOLOGY. 


The district lies between two large areas of felsic intrusives in a keel of 
metamorphic rocks of the Calaveras group (Carboniferous), which is intruded 
by many bodies of serpentinite * and gabbro. The structural grain trends 
northwest and dips steeply east, as expressed in contacts of formations of the 
Calaveras group, their foliation and bedding, attitudes of serpentinite bodies, 
trends of gabbro and granite, and the strike of the Alleghany fracture system. 
Regional evidence indicates that the Calaveras group is isoclinally folded and 
overturned to the west. 


1 All references to ounces of gold are in fine troy ounces 


2 Ferguson, H. C., and Gannett, R. W Gold-quartz veins of the Alleghany district, Cali- 
fornia. U. S. Geol. Survey Prof. Paper 172, 1932 
Cooke, H. R., Jr.: The distribution of gold in the Original Sixteen To One vein, Al 


leghany, Calif. Ph.D. thesis, Harvard, 1944 
t Following a recent usage, serpentinite herein refers to the rock “serpentine,” and serpen- 
tine to the mineral 
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type. It lies mainly in schist of the uppermost part of the Tightner formation, 
but the Kanaka conglomerate forms the foot-wall of the upper southern part 
of the vein, and several serpentinite bodies are cut by the vein. Six separate 
metamorphisms seem to have been impressed on the schist and conglomerate, 
the last three also affecting serpentinite: (1) folding on north-south axes at 
the end of the Carboniferous, (2) further deformation preceding late Jurassic 
Nevadan orogeny, (3) isoclinal folding and overturning due to Nevadan orog- 
eny, (4a) intrusion of Nevadan ultramafics and mafics, possibly causing the 
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Fic. 2. Generalized parallel-plane map. Projected to a plane approximately 
parallel to the vein: strike N21° W, dip 36° NE, 4000 feet altitude at 1400N, 600E. 
Coordinate system is a 400-foot rectilinear system on horizontal projection. 


Alleghany fracture system, (4b) serpentinization of the ultramafics, (5) de- 
formation and contact-metamorphism due to felsic Nevadan intrusives, (6) 
shearing, hydrothermal alteration, and vein formation (Nevadan). All 
events of Nevadan orogeny are believed to have occurred in close succession. 

The ore deposits of the Sixteen To One mine occur entirely within the vein, 
though high-grade has been mined by other companies on several branches. 
The vein probably occupies a reverse fault having several hundred feet dis- 
placement, and has been mined for about 4,000 feet on its strike, averaging 
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N.21° W., and for about 3,000 feet on its dip, averaging 38° NE. It averages 
6.75 feet thick though several lenses * reach 30-40 feet. It is displaced by 
many steep, west-dipping, reverse faults striking about parallel to it. Sul- 
phides are sparse and largely confined to the vein. The principal ones in their 
interpreted order of deposition are pyrite, arsenopyrite, sphalerite, tetrahedrite, 
chalcopyrite, and galena, with gold last, running about 840 fine. The vein 
averages about 0.04 oz. gold except for scattered high-grade shoots which run 
several thousand ounces, constituting the ore. 
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Fic. 3. Cross-section of the vein, WE (Fig. 2). 


WALL-ROCK, 


The wall-rock is composed mainly of hydrothermal minerals for at least 
100 feet from the vein. About nine-tenths of the vein walls are in the Tightner 
formation. Near the vein it is largely a schist, of which about one-fifth each 
is made up of quartz, sericite, ankeritic carbonate, and chlorite, and the other 
one-fifth of about 25 minor minerals. Some chlorite schist occurs and may 


5 Lens refers to a part of the vein over 10 feet thick, and pinch to a part less than 2 feet 
thick. 
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represent altered volcanics. A still more chlorite-rich schist was hydro- 
thermally developed along serpentinite contacts. One small calcite marble 
lens is cut by the mine workings (Fig. 3). Similar lenses are scattered 
through the whole Calaveras group and probably all are metamorphosed coral 
reefs. Mississippian crinoid stalks elsewhere are identified in them. 

The Tightner formation near the vein is thought to be largely of sedi- 
mentary origin, except for some chlorite schist portions. The fine banding 
of hydrothermal minerals apparently follows foliation developed along bed- 
ding. The limestone lenses must originally have formed in clear, warm water 
and indicate that adjacent horizons were transitional to such conditions, ex- 
cluding nearby volcanism. The schist of presumably marine origin adjoining 
the lens in the mine is similar to the quartz-sericite-carbonate schist elsewhere. 
The calculated chemical composition of the formation—particularly the low 
Al,O, (7.5%), high TiO, (4.8%), and high CaO/Na,O ratio (9.0/0.4)— 
does not accord with that of any igneous rock reasonable as the original. 
Abundant graphite (3.0%) also suggests a sedimentary origin—perhaps a 
marly limestone with some clayey and sandy beds and minor interbedded tuffs 
or flows. 

The Kanaka conglomerate consists largely of subangular igneous or quartz- 
ite pebbles and cobbles in a matrix of quartz and shaly material. 

At least several serpentinite tongues are exposed in the vein walls, con- 
cording roughly with the grain of the schist though some apophyses are dis- 
cordant. Contacts of serpentinite with schist are gradational due to con- 
vergent hydrothermal alteration. Except for scattered chromite grains, the 
original ultramafics were almost entirely converted to serpentine, and most 
of this within 300 feet of the vein was hydrothermally replaced. Generally, 
ankeritic carbonate replaces serpentine, and tale replaces carbonate. Quartz 
is widespread as fine-grained aggregates; druses, fill-veinlets, and pressure 
fringes on pyrite or chromite. 

Intrusion of the ultramafics probably closely followed overturning of the 
Calaveras group. The ultramafics are continuous with large gabbro stocks 
which do not show the deformation expectable if rotated 100° to the west. 
Serpentinization apparently was autometamorphic: lack of any discernible 
regular variation in its intensity from the edges to centers of the ultramafic 
tongues, or in their several thousand feet of vertical exposure, makes ser- 
pentinization from any external source implausible. It thus seems unre- 
lated to later hydrothermal alteration proceeding from fissures. A volume 
decrease during serpentinization is suggested by many chrysotile veinlets 
(Fig. 4) and tensional fracturing of chromite (Fig. 5). Widespread quartz 
druses in steatized serpentinite suggest further volume decrease during steati- 
zation (Fig. 6). 

The timing of silicification is crucial to the inferred hydrothermal history. 
Hydrothermal quartz in the schist may generally be distinguished from pre- 
hydrothermal quartz by a texture here called satellitic—aggregates of large 
quartz grains, each surrounded by tiny ones (Fig. 8). Hydrothermal quartz 
probably formed first as fine-grained replacements of carbonate grains (Fig. 
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Fic. 4. Chrysotile veinlets following carbonate cleavage, in serpentinite. X 49. 
Fic. 5. Tensionally fractured chromite grain in steatized serpentinite, cut by 
talc veinlet pseudomorphous after chrysotile. X 14. 
Fic. 6. Quartz veinlets and druse in steatized serpentinite. 24. 
Fic. 7. Carbonate (c, or high relief) replaced along cleavage by quartz (q), 
in serpentinite. X 25. 
} Fic. 8. Satellitic quartz in silicified schist. 47. 
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9A), which during increasing silicification grew into large grains roughly 
pseudomorphous after carbonate, each surrounded by fine-grained quartz 
commonly developed in less replaceable minerals—satellitic quartz (B). 
Crystallization of most wall-rock quartz was arrested here, but much vein 
quartz may have formed by a continuation of this evolution: (C), sutured 
quartz, and finally, (D), a coarse equigranular mosaic without unstable small 
grains or salients. 


























id 6 


Fic. 9. Suggested development of satellitic, sutured, and mosaic quartz. 











About one-third of the quartz in schist and some in serpentinite is satel 
litic, and probably at least this much is hydrothermal. Age relations between 
hydrothermal quartz and carbonate are difficult to decipher because of the 
resistance of quartz and susceptibility of carbonate to replacement. Lack of 
apparent replacement of quartz by carbonate probably establishes nothing 
about sequence. But quartz replaces or follows carbonate so commonly that 
at least much quartz must be later, ¢.g., selective replacement of wall-rock 
carbonate by quartz (Fig. 7), replacement of carbonatized inclusions by vein 
quartz, and quartz druses in carbonatized serpentinite. 


ORIGIN OF THE VEIN SHEAR-ZONE, 


The vein shear-zone is believed to have formed after overturning of the 
country-rock. In addition to the evidence against overturning of serpentinite, 
the patterns of vein thickness and high-grade distribution accord with that of 
openings expectable due to reverse movement, whereas if faulting preceded 
overturning the displacement would have been normal and the opposite pattern 
produced. Some movement on the vein shear-zone occurred during and after 
vein quartz deposition, therefore formation of the vein also probably succeeded 
overturning. Many other structural features likewise are inconsistent with 
post-vein overturning. 

If the Alleghany fracture system was caused by westward pressure of 
Nevadan orogeny, the relatively incompetent serpentinite probably was an 
important localizing factor. There is another possible source of compression, 
however, in the serpentinite itself. Serpentinite and gabbro occupy about 
one-tenth of the surface of the central part of the district and presumably form 
about the same proportion of subsurface rock to a depth of several thousand 
feet. The ultramafic and mafic bodies apparently were emplaced by forcing 
apart their walls with little assimilation, suggested by the lack of gradation 
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between them and country-rock, their virtual lack. of xenoliths, and by 
similar intrusives in many other regions of differing country-rock. If the 
ultramafics and mafics were intruded after overturning, the compression due 
to their intrusion seems sufficient to account for the observed shortening in the 
district. If pressure were exerted normal to the tops and sides of the up- 
truding bodies, the direction of easiest relief would have been upward, dip- 
ping east somewhat more steeply than the dip of serpentinite. The east- and 
west-dipping shears form approximately equal angles to this direction of 
sasiest relief and the reverse movement on both is in the required upward 
direction to relieve the pressure. The apparently slightly later displacement on 
west-dipping shears near the vein might be due to a small change in direction 
of the push or to release of stress accumulated during intrusion. The small 
normal faults in the hanging-wall of the vein may be due to later relaxational 
stress, perhaps consequent on cooling and shrinking of the intrusives. 

Faulting probably occurred shortly after emplacement of the ultramafics, 
since the faults displace serpentinite, yet hydrothermal alteration overlapped 
serpentinization. Faulting may have preceded or accompanied serpentiniza- 
tion, or succeeded it. At the high temperature and pressure then existing in 
the country-rock, it seems possible that a considerable stress could have been 
built up during intrusion, which exceeded the elastic limit after cooling and 
partial unburdening, and therefore at least in part relieved itself later in reverse 
faulting. 

There are two irregular belts of serpentinite with some associated gabbro 
in the central and most productive part of the district, both roughly parallel 
to the trend of the fracture system. Along each belt is a group of productive 
east-dipping veins and a group of unproductive west-dipping veins. The 
Sixteen To One vein is in the western belt. In a general way, therefore, the 
timing, movement, and location of the fracture system seem to accord with 
the hypothesis advanced for its origin. In detail, many faults are at least 
partly localized by serpentinite, though some show no such control. In view 
of the many structural irregularities, spottiness of available exposures, and 
inaccuracies of mapping, a close correlation of mapped serpentinite with fault- 
ing can hardly be expected. 


HYDROTHERMAL ALTERATION AND GANGUE. 
Source and Nature of the Solutions. 


No significant part of the ore solutions was derived from the ultramafics : 
(1) they are an implausible and probably quantitatively insufficient source,® 
(2) the vein cuts many serpentinite bodies, but most ore minerals are re- 
stricted to the vein, (3) one vein in the district, the Oriental, cuts granite, 
which in other areas cuts the mafics and ultramafics, (4) similar ores occur 
in many districts with no ultramafics present. Probably the ore solutions 
were a late differentiate of the granitic intrusives. 


6 Ferguson and Gannett: op. cit., p. 76. 
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The typically mesothermal vein minerals and structure suggest formation 
at temperatures considerably under the maxima indicated by iron-rich sphal- 
erite (with exsolved chalcopyrite )— about 880°C.,’ and apparent absence of 
inverted quartz—about 600°C. 
low mesothermal temperatures.” 


The vacuole inclusions may have formed at 


The lack of halogen-containing minerals suggests that ore solutions here 
were liquid rather than gaseous. The alteration suggests that they were al- 
kaline, removing silicon from wall-rock silicates to deposit it as quartz, and 
depositing alkalies in carbonate and sericite. Field evidence indicates that the 
ore solutions were electrolytic: (1) widespread replacement in wall-rock al- 
teration and the vein, (2) their temperature probably was above the general 
colloidal range, especially since only magmatic constituents could have been 
introduced that were transported in the relatively high-temperature solutions 
near their source, (3) against a quondom gel state is the virtual absence of 
colloform textures and presence of micro-inclusions zonally-arranged or in 
lines in vein quartz," 


(4) very fine veinlets of quartz occur in sulphides, or of 
one ore mineral in another. The solutions were dilute rather than viscous, as 
indicated by (1) and (4) above, and also by (3) the long sequence shown in 
the many cross-cutting, replacement, and grain boundary relations between 
hydrothermal minerals, excluding their deposition by dumping, and (4) the 
implausibility of any solution being able to carry the tremendous gold con- 


centrations implied if the high-grade shoots were not deposited by many vol- 
umes of solutions. 

The load of overlying rock—probably at least two miles thick ''—appears 
sufficient to have forced the ore solutions up any available channelways to 
the surface.’* The pressure exerted by the rising solutions on the lower apices 
of shears may have initially opened them up* and maintained openings by 
their outward push—the greater their velocity the greater this push." 

Deposition by both fill and replacement was important in vein formation. 
Filling is indicated by thick quartz in riding areas,'® but the lack of crustifica- 
tion suggests that the openings filled were not large at any time. Consider- 
able replacement is implied by residual inclusions and micro-inclusions of wall- 
rock in the vein, and in ribbon quartz areas where quartz probably replaced 
wall-rock adjoining the ribbons. Replacement may have been important in 

7 Bowen, N. I Geologic thermometry, Chap. X, p. 186, Laboratory Investigation of Ores 
ed. E. L. Fairbanks, 1928 

8 Gibson, R. I The influence of pressure on the high-low inversion of quartz. Jour. Phys. 
Chem. 32, 1205, 1928 

’ Ferguson and Gannett: op. cit., pp. 61-70 

Ferguson and Gannett: op. cit., p. 84 
11 Ferguson and Gannett: op. « 


t., pp. 61-70 

12 Graton, L. C.: Nature of the ore-forming fluid. Econ. Grow. 35, Suppl. to No. 2, 197- 
358, 1940, pp. 322-324. 

18 Douglas, L. B. E.: Discussion, Ore deposition in open fissures formed by solution pres- 
sure (Alfred Wandke). A. I. M. E. Trans. Geol., pp. 303-304, 1931 

if Wandke, Alfred: op. cit., pp. 291-304, Dane, E. B., Jr.: The origin of the openings oc- 
cupied by veins. Ph.D. thesis, Harvard, 1936. 

1 


Following recent usage, riding areas are those of relatively low rock pressure in dis- 
placement along a warped fracture, opposed to bearing areas of high pressure. 
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massive quartz lenses but carried through so completely that practically no 
wall-rock remains. 


Hydrothermal Alteration. 


Field evidence suggests deposition of the ore minerals and at least the 
latter part of vein quartz during the cooling phase of hydrothermal activity : 
(1) deposition of the ore minerals during vein quartz deposition with the 
generally supposed temperature of each ore mineral decreasing from early to 
late; (2) the general lack of replacement among ore minerals; (3) satellitic 
texture in much wall-rock and vein quartz suggests its deposition during cool- 
ing; (4) the supposedly short interval of ore mineral formation apparently 
encompasses a time of considerable increase in vein quartz deposited—pre- 
cipitation of silica from solutions cooling as they pass the point of precipita- 
tion would tend to be faster than from solutions warming as they pass this 
point; (5) late clear quartz occurs in fill-veinlets, borders around inclusion- 
filled cores, and as druses in steatized serpentinite where it may selectively re- 
place carbonate along certain crystal directions. The low intensity factor '* of 
such quartz suggested by its lack of vigorous replacement is ascribed to dep- 
osition at relatively low temperature. 

The following reconstructed hydrothermal history, though largely hypo- 
thetical, is advanced as the most reasonable explanation available for these 
and other observed features. 

Wail-rock Character—Physically, the schist was much more competent 
than serpentinite. Stress in schist tended to be relieved by a few strong 
shears, relatively open to flow of solutions, rather than on many small, reia- 
tively impervious slips as in serpentinite. The conglomerate seems inter- 
mediate in competence. Serpentinite was most thoroughly altered, and prob- 
ably mainly because of its homogeneity, definite alteration zones developed 
in it. Their order of width is: carbonate—up to several hundred feet, tale— 
40 feet, mariposite—20 feet. Graphite often occurs near serpentinite con- 
tacts. In schist, textural relations indicate that the sequence of the main 
hydrothermal minerals was chlorite, carbonate, sericite, quartz, but except 
that oligoclase becomes scarcer nearing the vein, no definite zoning was rec- 
ognized. This is ascribed chiefly to original variations in the schist and to 
masking by similar alteration from nearby shears. The conglomerate is 
similarily but less thoroughly altered. Retrograde quartz alteration in all 
wall-rock partly blurred effects of earlier prograde alteration. 

Below present mining, the wall-rock probably continues to be chiefly 
Tightner schist with subordinate serpentinite and gabbro. Alteration there 
probably was similar to that observed, though with relatively stronger seri- 
citization, releasing Si, Mg, and possibly Ca to be carried up for shallower 
alteration, 

Temperature——The source-magma is assumed to have maintained ap- 
proximately the same temperature over the probably relatively short time in 

16 Physico-chemical intensity refers to the inherent potency of the ore solutions, and in- 
tensity factor to their resultant effect on a given environment (Graton, L. C.: 


The depth-zones 
in ore deposition Econ. Gror, 28, 513-555, 1935, pp. 521-528) 
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its cooling during which it supplied hydrothermal solutions to the vein shear- 
zone. Loss of heat during this time, probably near the end of magmatic ac- 
tivity, is assumed to have caused the magma to recede within an increasingly 
thick shell of partly or wholly solidified rock. 

As hydrothermal solutions moved up the vein shear-zone and nearby 
smaller shears, they lost heat to the wall-rock, which thereby became warmer 
as the rising solutions cooled. Thus the geotherms moved outward from the 
vein shear-zone and upward along it. Because at any point the solutions 
lost less heat to wall-rock as it approached their temperature, at any point the 
solutions passing by were warming though each passing molecule of solution 
was cooling. 





Shortly before or during silicification, the volume of magmatic emana- 
tions is thought to have reached a peak and begun decline. The vein and wall- 
rock had been warmed until heat added by hydrothermal solutions about 
equalled heat lost by conduction to more distant wall-rock. When the volume 
of solutions passing a fixed point decreased, heat added by them also decreased 
even though they remained at constant temperature at their source. Away 
from the source, the diminishing solutions no longer maintained adjacent rock 
or themselves at as high a temperature as before, and the vein and wall-rock 
cooled, with geotherms contracting back toward the vein and downward. 
When all magmatic emanation ceased the geotherms flattened to approximately 
their pre-hydrothermal gradient. 

The peak of heating was passed first in the uppermost part of the vein 
shear-zone, where upbowing of geotherms was sharpest, and moved gradually 
downward toward the source-magma. Very near the magma, its decreasing 
emanations, still at about the same initial temperature as throughout hydro- 
thermal activity, probably postponed the cooling phase until practical ces- 
sation of emanations. Because of structural irregularities which broke the 
flow into many anastamosing threads with largely separate careers, the vol- 
ume of flow and consequent temperature along the conduits surely did not 
respond uniformly and directly to changes in volume of flow at the source. 
While one part of the vein or wall-rock was warming, adjacent parts may have 
been cooling. 





At any level in the vein shear-zone and any hydrothermal stage,'’ the 
temperature and consequent intensity factor of the solutions decreased both 
upward, and outward into the wall-rock. During warming, alteration zones 
moved out into the wall-rock from the vein shear-zone, later moving back 
during cooling. Since retrograde alteration apparently was negligible except 
for silicification, present alteration zones are of lower temperature the farther 
from the vein and/or the earlier in stage of formation. 

Chemistry —Both carbonatization and steatization of serpentinite, and 
metasomatic interchanges between serpentinite and siliceous country-rock have 
been indicated to be due essentially to redistribution of material already present 


17 Stage is used to refer to a phenonemon without implying that it occurred at the same 
time everywhere observed. 
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with addition of carbonate by hydrothermal solutions.’* Alteration in the 
schist here may also most reasonably be ascribed to similar solutions. 

The only important constituents necessarily introduced into the region 
studied are hot water, carbonate, S, Si, and the metals in ore minerals— 
mainly Fe, Cu, As, Sb, Au, Zn, Pb, Ag, Ni, Co, Cd, and Mn. The high cal- 
culated MgO (10.7%) and CaO (9.1%) in altered schist suggests their pos- 
sible addition, whereas the low calculated K,O (1.5%) and. Na.O (0.6%) 
there suggests decrease in these. Silicon may have been unimportant in the 
initial solutions. As wall-rock silicates were replaced by bases, the released 
Si migrated upward to deposit in vein or wall-rock quartz. No considerable 
loss in wall-rock Si is postulated, though near the source-magma much more 
Si may have been removed than added. Assuming a 6-foot vein with SiO,- 
releasing alteration extending 300 feet on either side, an average SiO, de- 
crease in this rock on the order of 0.5% could supply all vein quartz. As- 
suming that all H,O, CO,=, and FeS, in altered schist was introduced with 
an equivalent percentage loss in SiO,, this SiO, loss would be 18.0%. This 
assumption is of course over-simplified, but emphasizes the possibility that 
all vein quartz may represent only a small part of the Si released in alteration. 

The vein shear-zone apparently acted as a vein, serving the much larger 
system of smaller threads of flow and diffusion in adjacent wall-rock. Move- 
ment of solutes between the vein shear-zone and wall-rock probably was 
mainly by diffusion in response to relative concentrations of the solutes: solutes 
introduced from below and/or being deposited in adjacent wall-rock generally 
were at a higher concentration in the vein shear-zone and tended to diffuse 
into the wall-rock; solutes released by alteration in this wall-rock generally 
were at a higher concentration there and tended to diffuse toward the vein 
shear-zone. Once alteration began, solutes released from minerals first re- 
placed were available for deposition elsewhere, to release in turn still other 
solutes, and so on—the main effect of alteration thus being reworking of the 
wall-rock. At any given time all types of alteration may have been proceeding 
in different places along the vein shear-zone. 

Inferred History of Alteration—Hydrothermal alteration began with car- 
bonatization in serpentinite and chloritization in schist, apparently before 
serpentinization had ended, as indicated by chrysotile following carbonate 
(Fig. 4). Carbonatization released Mg and Si to be partly deposited in talc 
and quartz. With increasing temperature, converging metasomatic inter- 
changes began across contacts of serpentinite with schist, Si and alkalies mi- 
grating from schist into serpentinite, and Fe, Mg, and H,O moving from 
serpentinite into schist (Fig. 10). A narrow chloritized zone residually en- 
riched in Al resulted on the schist side, with a carbonate-tale zone on the ser- 
pentinite side. 

With increasing intensity factor of the solutions, carbonatization pushed 
farther from the vein shear-zone into serpentinite and schist, followed by 


18 Hess, H. H.: The problem of serpentinization and the origin of certain chrysotile as- 
bestos, talc, and soapstone deposits. Econ. Gror. 28, 634-657, 1933. Phillips, A. H., and 
Hess, H. H.: Metamorphic differentiation at contacts between serpentinite and siliceous country- 
rock. Am. Miner. 21 (6), 332-362, 1936. 
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successively higher-temperature alterations—in schist, mainly sericite, clino- 
zoisite, epidote, and oligoclase; in serpentinite, mainly talc, mariposite, and 
oligoclase. 

The last major stage of alteration was silicification, perhaps beginning 
during warming of the vein and wall-rock, and continuing during their cool- 
ing. Silicification is thought to have depended largely on Si released from 
previous carbonatization. During carbonatization (Fig. 10,. Stage 1), car- 
bonate ion was introduced to and Si removed from the wall-rock. With in- 
creasing temperature and probably decreasing alkalinity of the solutions, car- 
bonate previously formed near the vein became unstable to Si released from 
carbonatization in cooler regions when that Si diffused back to the vein, and 
quartz replaced carbonate there (Stage 2). When at the given place the peak 
of heating passed, carbonatization in deeper wall-rock continued to supply Si 
for further silicification at this place. Solutions in the cooling vein and wall- 
rock tended toward Si-saturation, more so in the vein due to continued ac- 
cession of Si from below, causing diffusion of Si from the vein into wall- 
rock. There, quartz continued to replace carbonate preferentially, but also 
replaced most silicates (Stage 3). This diffusion gradient was maintained 
so long as Si continued to be supplied from below and carbonate ion released 
from replacement of carbonate by quartz continued to diffuse back to the vein, 
where it was in relatively low concentration due to concurrent fixing in deeper 
carbonatization. When the cooling phase finally reached the bottom of the 
vein and the entire vein and wall-rock was cooling, carbonatization no longer 
supplied Si to solutions moving up the vein, and Si concentration there de- 
creased due to some of it being flushed to the surface. Silicon in solution in 
the wall-rock accordingly began slowly to diffuse back toward the vein (Stage 
4). As cooling continued, Si still in solution either reached the vein to be de- 
posited in higher regions or flushed to the surface, or was deposited in wall- 
rock, except for the slight amount soluble on reestablishment of the normal 
geothermal gradient. The vein thus is conceived as the locus of strongest 
and longest-continued hydrothermal activity, which was dominantly quartz 
deposition at and after its peak. 

Quartz constitutes about 23% of the altered schist, of which perhaps two- 
thirds is pre-hydrothermal. Possibly much vein quartz and hydrothermal 
wall-rock quartz deposited while the rock was warming and an apparently 
continuous supply of Si available from carbonatization and other alteration. 
Quartz deposited while the rock was cooling is thought to have had an adequate 
Si supply in concurrent deeper carbonatization, particularly since cooling prob- 
ably was irregular and often temporarily and/or locally reverted to warming, 
which would add to and prolong this supply. 


Gangue. 


The main differences in formation of vein quartz and hydrothermal wall- 
rock quartz are thought to be that vein quartz deposited: (1) in a zone of 
strong and active deformation, (2) from solutions which generally were flow- 
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ing instead of diffusing, thus emphasizing filling over replacement, (3) from 
solutions of a higher intensity factor than those depositing adjacent wall- 
rock quartz. Vein quartz thus shows some differences from hydrothermal 
wall-rock quartz: (1) the vein is almost wholly quartz whereas hydrothermal 
quartz forms only a small part of the wall-rock, (2) vein quartz has a coarser 
and more equigranular texture, (3) it shows frequent deformation, as in 
lamellar and fractured grains, streaked micro-inclusions, and wavy extinction. 

Ribbon quartz is common as dark, parallel, closely-spaced, very narrow 
septa of fine-grained carbonate with minor talc, sericite, mariposite, and traces 
of rutile and graphite (Figs. 17, 21, 23, 24, 26). The ribbons usually parallel 
the vein walls regardless of the attitude of wall-rock foliation. No evidence 
of active shearing along ribbons is found; on the contrary, their intricately 
crenulated walls tend to be parallel and to follow quartz grain boundaries 
(Figs. 13, 14, 15). 

The ribbons are believed to be localized on parallel shears formed in wall- 
rock later replaced by vein quartz deposited from solutions following these 
shears. The quartz tended to seal them off against further movement and 
from further rising solutions, flow finally being reduced to a trickle around 
quartz grains, carrying solutes of silicified wall-rock and depositing car- 
bonate and the other minerals of ribbons. The scarcity of such wall-rock 
in the centers of thick lenses accords with the scarcity of ribbons there. 
Sulphides and gold selectively replace ribbons for many feet because they often 
were the most continuous channelways in the vein, and carbonate was easily 
replaced (Figs. 15, 29). 

Micro-inclusions are common in vein quartz. Vacuole inclusions are 
much rarer than solid micro-inclusions—they also tend to lie along quartz 
crystal zones.'” 

Minor gangue minerals are graphitic gouge, sericite, talc, and mariposite, 
with traces of titanite, zircon, apatite, and kaolinitic material. Gouge as 
much as a foot thick is common on vein walls and other shears. The other 
gangue minerals mainly are found replacing inclusions or in ribbons. Calcite, 
iron hydroxides, and needles of goslarite deposit locally from mine waters in 
the workings. 


VEIN FORMATION, 


Displacement.—Displacement on the vein shear-zone is believed, mainly 
from the patterns of foot- and hanging-wall serpentinite, to be reverse and 
at least 200 feet at the north and south ends and at least 400 feet in the middle. 
Striae and the patterns of vein width and high-grade indicate displacement to 
be approximately along the dip. Displacement of over one wave-length of 
the larger warps, i.c., about 1,000 feet, is unlikely as the vein thickness and 
high-grade seem strongly influenced by the pattern of openings formed by 
movement of less than one wave-length. The chances of duplication of this 
pattern by greater displacement are negligible. 


19 Ferguson and Gannett: op. cit., pp. 41-43, Plates 22-30. 
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Fic. 11. Vein quartz with parallei streaks of micro-inclusions and wavy 
extinction. Two sericite-carbonate ribbons on right. x 27. 

Fic. 12. Quartz breccia cemented by carbonate. Gold and sulphides fill frac- 
tures (f) in quartz and replace carbonate (c). Shown in Figs. 42 and 47. 

Fic. 13. Ribbon of carbonate, mariposite, and rutile on quartz grain boundaries. 
xX 32. 

Fic. 14. Coarse, deformed high-grade vein quartz with talc-carbonate ribbons 
partly replaced by pyrite. X 13. 
Fic. 15. Same, 1 nicol. X 12. 
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Open spaces. formed by displacement of less than one wave-length of the 
warps in an irregular fault-plane can be found by contouring it, copying the 
contours on tracing paper, then, considering the original the foot-wall and 
the tracing paper the hanging-wall, shifting the tracing paper to correspond 
with the given displacement. The width of opening measured normal to the 
plane against which the vein is contoured, W” = (p’ — p) — (b’ — b), where 
p’ = height of the given point on tracing paper, p = height of point directly be- 
low this on the map, b’ = height of bearing surface on tracing paper, and b = 
height of point directly below this on the map. In reverse faulting, bearing 
surfaces are those areas with a maximum difference between their elevation 
on the tracing paper and on the map directly below. 

Application of this method to trough *° areas of the vein gives displace- 
ments generally smaller than the minimum known displacements, ¢.g., 130 
feet at the 2200N lens and 140 feet at the 4100N lens. The 3000N lens would 
have a negative reverse, or normal displacement, since this area is a dome. 
In view of the many factors influencing vein thickness other than simple fill 
of ideally formed openings, the discrepancies are not surprising. If such 
openings were filled by quartz, on the minimum displacements established 
there the 2200N and 4100N lenses should have about 100 feet of quartz, or 
three times their actual thickness. Considerable quartz probably deposited 
there also by replacement, so fill quartz apparently reaches less than one- 
third of its ideally indicated thickness in these lenses. This probably is due 
largely to rock pressure breaking down bridges and holding closed more than 
two-thirds of the openings which would have formed in the lack of it. 

Most displacement on the vein shear-zone preceded that on cross-faults, as 
indicated by unbroken extensions of some cross-faults into both foot- and hang- 
ing-wall of the vein, by localization of cross-faults at serpentinite previously 
faulted by the vein shear-zone, and by the mechanical improbability of much 
post-cross-fault movement on displaced segments of the vein shear-zone. 
Yet, some movement on the vein shear-zone followed some cross-faulting : 
(1) Its steepening near its intersections with the two large cross-fault sys- 
tems can hardly be explained entirely as drag. But movement on the vein 
shear-zone after cross-faulting would have tended to cut across the wall-rock 
to connect its displaced segments. (2) A structure found in three places near 
1900N, 900E is ascribed to a little displacement on the vein shear-zone after 
cross-faulting (Fig. 16). (3) Gold is believed to have been deposited later 
than most cross-faulting, yet some paint gold on the vein walls may be due to 
smearing there. The continuity of undeformed quartz from the vein to some 
cross-faults indicates that most movement on both was over before the close of 
quartz deposition (Fig. 17). Yet, most vein quartz apparently was deposited 
before the end of such movement, as indicated by the commonly free vein 
walls, occasional crushed quartz, quartz breccia (Fig. 12), and blocks of vein 

“0 Trough is used to designate an area of the vein with flatter dip than adjacent areas along 
either the strike—strike-trough, or dip—dip-trough ; if dips are flatter along both the strike and 


dip of the vein, the area is a basin Bulge, strike-bulge, dip-bulge, and dome are the correspond 
ing terms applied to areas of the vein with steeper dip than adjacent areas 
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quartz between tight cross-faults (Fig. 18). Displacement on both vein 
shear-zone and cross-faults thus evidently occurred largely during hydro- 
thermal activity, but overlapping it somewhat before and after, and with 
cross-faulting continuing slightly after movement on the vein. 






































Fic. 16. Suggested mechanism of intermittent faulting in the 1900N, 850E 
irea (Fig. 19). The vein (A) is cross-faulted (B). Renewed shearing on the 
vein hanging-wall is propagated into the wall-rock above, with quartz depositing 
along the fresh shear (C). Shearing on the new vein hanging-wall forms the 
present clean hanging-wall (D). 


Vein Structure-—The vein now is dominantly solid quartz, impermeable 
to flow of solutions, as attested by the strong preference of sulphides and gold 
for fractures, ribbons, and inclusions in the vein. During its whole forma- 
tion the vein probably was similarly solid and impermeable, quartz deposition 
in old shears tending to seal them, and was built up mainly by solutions flow- 
ing in fresh shears recurrently opening on its walls or in adjacent wall-rock— 
the contact between quartz and wall-rock, or wall-rock itself, offering less re- 
sistance to shearing than the vein. The vein thus apparently was formed from 
the center outwards, its present walls being in general the latest shears on it. 

The main cross-fault systems are the Tightner and 250, with respective 
vertical displacements of 100-185 feet and 1307-250 feet, and like the main 
vein, apparently have their greatest displacements near their centers. The 
Tightner cross-faults are partly localized by the contact between conglomerate 
and schist, and by serpentinite also possibly localized by this contact. Many 
other cross-faults show localization by serpentinite (Fig. 49). Junctions of 
branch veins with the main vein are indefinite. Many splits appear to have 
been localized by serpentinite or to branch off as tangents from the vein where 
it curves sharply. 

The dip and thickness of the vein in association with various features are 
shown in Table 2 and Fig. 50. As would be expected in upward relief due 
to lateral compression, the vein tends to be steeper and thinner in relatively 
plastic wall-rock—serpentinite, conglomerate, and areas of schist supplying 
much gouge. Cross-faults also steepened the vein shear-zone. Foliation in 
the schist dips steeply east where not dragged, meeting the vein at angles of 
20°—40°, but has no observed effect on vein contour. ~< 
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The main factor localizing lenses probably was due to the flow in such 
localities of unusually large volumes of solution, partly causing complementary 
adjoining pinches. This is most evident in serpentinite, where steeper dip and 
lack of strong shears caused twisting, pinching (Fig. 20), and fraying of the 
vein, with adjoining lenses in flat rolls (Fig. 49). The centers of lenses tend 
to have massive, vuggy quartz, whereas their edges are marked by veinlets 
(Fig. 25), inclusions, ribbon quartz, small cross-faults, splits (Fig. 49), brec- 
cia (Fig. 26), or crushed quartz. This may be due to the stronger hydro- 
thermal flow which caused much quartz deposition there, leaving little unre- 
placed wall-rock in their centers; and to post-quartz movement in which the 
centers acted as rigid buttresses, resolving shearing stress on the flanks into 
local, partly tensional stress patterns. 

Most lenses are in basins. The three largest lenses, 2200N, 4100N, and 
3000N, have a sub-parallel southerly pitch. The first two occupy the largest 
basins in the vein and have chiefly massive quartz with much high-grade. 
But the 3000N lens is on the largest dome-bulge found, and is made up partly 
of alternating strands of quartz and wall-rock, with practically no high-grade. 
This lens may be localized by a thick zone of tight shears; thickening by 
strands of quartz being piled up alongside each other on post-quartz shears 
also is possible. 

The vein is over 90 percent quartz between its walls. The main types of 
other material are: (1) other gangue minerals, (2) sulphides and gold, (3) 
micro-inclusions, both solid and vacuole, (4) breccias, (5) platy inclusions, 
including ribbons, (6) small, irregular inclusions, (7) horses. Those types 
ascribed to hydrothermal deposition—(1), (2), vacuole inclusions, and ribbons 
are discussed elsewhere. The others represent wall-rock which probably 
remained essentially solid during hydrothermal activity. 

Solid micro-inclusions are abundant in much vein quartz and may be ex- 
plained by the inability of quartz—the only common rock-forming mineral of 
constant composition—chemically to absorb impurities. In quartz formed by 
replacement, these are enclosed in growing quartz crystals, often on crystallo- 
graphic planes, as the undigested residue of replaced material. Micro-in- 
clusions thus are supposed to be characteristic of replacement rather than of 
quartz deposited in open space, though they are not diagnostic, since the minute 
particles may have been carried long distances by moving solutions. In vein 
quartz, they commonly occur in streaks subparallel to the basal pinacoid of the 
enclosing crystal, as BOhm lamellae apparently formed by intragranular rup- 
ture on glide planes (Fig. 11).2* Their relative abundance in lamellar quartz 
and scarcity in apparently undeformed quartz accords with this interpretation. 
In the mine, coarse, deformed, milky quartz is termed “live,” favorable for 
gold, and undeformed, lustrous quartz termed “dead,” unfavorable for gold. 

Most inclusions were much altered before quartz attack, mainly to car- 
bonate, sericite, and mariposite. Platy inclusions other than ribbons all tend 
to parallel and be near vein walls. They are given names believed descriptive 





21 Hietanen, Anna: On the petrology of Finnish quartzites. Bull. Geol. Finlande 122, 118 
pp., 1938, pp 31-38. 

















ORIGINAL SIXTEEN TO ONE GOLD-QUARTZ VEIN. 





Fic. 17. Tightner cross-fault cutting the vein, with 6 inches of quartz con- 
tinuous from vein to cross-fault. Ribbons show drag. 

Fic. 18. Post-quartz displacement of the vein by two Tightner cross-faults. 

Fic. 19. The vein cut off by a cross-fault except for a 6-inch hanging-wall 
strand (Fig. 16). 

Fic. 20. The vein pinched against foot-wall serpentinite. 

Fic. 21. 1300N, 2000E high-grade shoot. Gold shown on foot-wall followed 
ribbons and wall-rock septa 15 feet up-dip toward hanging-wall, producing 5,500 oz. 

Fic. 22. Platy inclusions—probably fractured wall-rock slabs. 

Fic. 23. Ribbon quartz in the upper 4 feet of the vein. 

Fic. 24. Frozen hanging-wall with platy and blocky inclusions, and ribbon 
quartz near foot-wall. 

Fic. 25. Gash veins in schist hanging-wall. 

Fic. 26. Domino breccia, with ribbon quartz on hanging-wall. 
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of their different origins: (1) Shear-plane septa—wall-rock along old shears 
such as ribbons formed on, but residual to quartz replacement; thin, but never 
minutely crenulated like ribbons, and may have much gouge (Fig. 21). (2) 
Residual septa—wall-rock residual to replacement by solutions moving along 
parallel shears; usually short and irregular. (3) Smeared septa—due to 
post-quartz drag on shears; thin, and typically with much gouge in deformed 
quartz. (4) Fractured slabs—due to wall-rock fracturing into platy blocks 
controlled by foliation; generally short, discontinuous, and little replaced by 
quartz (Fig. 22). 
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Fic. 27. Paragenesis of ore minerals and vein quartz. Areas of minerals 
shown are roughly proportional to their volume in the vein except for quartz, pyrite, 
and gold. 


ORE MINERALS. 


Occurrence.—Ore minerals form less than 2% of the volume of the vein, 
and are about equally common in massive quartz and in fractures, inclusions, 
or ribbons. They generally are clustered around large grains of pyrite, sphal- 
erite, or tetrahedrite, but arsenopyrite, gold, and galena often occur alone or 
in combination. The only ore minerals in appreciable amounts in wall-rock 
are fine-grained pyrite, arsenopyrite, and pyrrhotite. All ore minerals are 
hypogene except for traces of covellite and possibly a little chalcopyrite or 
bornite. The only evidence of zoning is unusually abundant pyrite in the 
schist of several lower levels, accompanied by a slight tendency for gold to be 
more evenly disseminated through the vein. 

Five factors seem outstanding in localizing ore minerals: 

















ORIGINAL SIXTEEN TO ONE GOLD-QUARTZ VEIN. 233 


(1) Fractures: the main channelways for flow of ore solutions. 

(2) Carbonate: the mineral probably most replaced by ore minerals. The 
characteristic grain of early ore minerals is blocky, becoming progressively 
more tenuous in later ore minerals. Most pyrite, arsenopyrite, sphalerite, 
tetrahedrite, and chalcopyrite occur as large grains, whereas some chalcopyrite 
and most galena and gold occur in veinlets and wisps. The first group, of 
typically early, coarse-grained minerals, is thought to have -formed before 
deposition of much contiguous quartz, by replacement, generally of carbonate, 
or open-space filling. The tenuous shape of late ore minerals is ascribed to 
their deposition after carbonate already had largely been replaced and open 
spaces filled, forcing them to be deposited chiefly interstitially to quartz and 
earlier ore minerals. 

Textural relations of carbonate and quartz in altered wall-rock indicate 
that quartz is later than most carbonate, and silicification and vein quartz seem 
best explained as following carbonatization. Ore minerals selectively re- 
place carbonate ribbons, veinlets, and inclusions, but show no replacement 
of quartz. The early, blocky ore minerals are believed to have been similarily 
unable to replace quartz and therefore to owe their blocky shape to deposition 
in open spaces or to replacement of other minerals than quartz. These pre- 
sumably were earlier hydrothermal minerals, of which carbonate seems the 
most probable, though doubtless others were sometimes similarily replaced. 
Textures believed to illustrate such replacement are shown by pyrite (Figs. 
28, 32), arsenopyrite (Fig. 41), sphalerite (Figs. 31, 40), tetrahedrite (Fig. 
40), and chalcopyrite (Fig. 38). 

(3) Quartz: controlling deposition of ore minerals by its resistance to 
replacement. If ore minerals had replaced quartz readily, probably gold 
would be disseminated throughout the vein as sub-marginal ore. Inasmuch 
as early ore minerals apparently found abundant non-quartz loci to be depos- 
ited in, and late ore minerals were deposited in a dominantly quartz environ- 
ment, a considerable increase in size of the vein probably occurred during ore 
mineral deposition. 

(4) Early ore minerals: tending to be little replaced by later ore minerals. 
The only considerable replacements are where the replaced ore mineral next 
precedes the replacing one in the paragenesis. 

(5) Graphitic gouge: tending to restrain ore solutions from invading the 
wall-rock. All ore minerals selectively replace wall-rock inclusions, yet 
rarely or never invade the wall-rock. Gouge on the generally free vein walls 
apparently was almost impermeable to ore solutions though allowing vast 
quantities of solutions effecting wall-rock alteration to pass. 

Sequence.—Some quartz is indicated to be earlier than some ore minerals: 
(1) most fences ** and rims are on margins of large, early sulphide grains 
surrounded by quartz. Such restriction of the marginal deposits generally is 
explained by preceding engulfment of the host by quartz. If a replaceable 
mineral had been surrounding the host, marginal deposits would not have 


Fence is applied descriptively to a very discontinuous rim. 
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Fic, 28. Tetrahedrite (dark gray), chalcopyrite, and quartz in fractured 
pyrite. X 13. 

Fic. 29. Arsenopyrite replacing a ribbon in quartz. X 36. 

Fic. 30. Arsenopyrite replacing wall-rock inclusion in quartz. X 16. 

Fic. 31. Arsenopyrite fence on sphalerite with exsolved chalcopyrite. Quartz 
fills fracture in sphalerite. x 10. 

Fic. 32. Pyrite cube with tetrahedrite in its replaced core, apparently protected 
by pyrite from replacement by surrounding chalcopyrite or some mineral replaced 
by chalcopyrite. X 126. 

Fic. 33. Antecedent tetrahedrite veinlets in mottled chalcopyrite; tetrahedrite 
may be residual from replacement by a mineral later replaced by chalcopyrite. 
x TZ. 

Fic. 34. Pyrite fence on sphalerite in quartz. X 36. 
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been so restricted. (2) The ore minerals fill fractures and replace ribbons in 
quartz and replace the matrix of quartz breccia. (3) Most quartz apparently 
is earlier than most gold. On the other hand, the following evidence in- 
dicates that some quartz is later than some ore minerals: (1) increasing lo- 
calization by quartz shown in later ore minerals, (2) much fracturing in 
sulphides is not continuous into surrounding quartz, (3) quartz fills fractures 
in sulphides. Apparently considerable quartz was deposited before, during, 
and after deposition of the sulphides. 

Fracturing probably proceeded by small recurrent slips at different times 
in different parts of the vein shear-zone. Many threads of solution probably 
arose along successively opening fractures, depositing the same ore minerals 
in the same general order, but at different times and levels of physico-chemical 
intensity. The early ore minerals are also hard, and usually show fractures, 
filled, generally with little replacement, by quartz, carbonate, or later ore 
minerals. Large fractured grains of pyrite and arsenopyrite are common: 
fractures in pyrite usually are filled by chalcopyrite (Fig. 28), and those in 
arsenopyrite by gold (Fig. 41). No fracturing of gold was seen, due prob- 
ably to its high malleability. Widespread brecciation occurred between 
the tetrahedrite and chalcopyrite stages and suggests that at least then, ore 
minerals of the same stage were being deposited at the same time in widely 
separated parts of the vein. This brecciation is evidenced by common pyrite, 
arsenopyrite, and sphalerite fences and rims on, or fracture-fillings in tetra- 
hedrite and earlier ore minerals. 

Fences and rims of many types are extraordinarily common (Table 1). 
In an environment resistant to replacement by the later ore minerals, the mi- 
nute openings on grain boundaries of quartz and early ore minerals apparently 
were often the only available sites for deposition. Crystallization of the early 
minerals may have left such openings, or they may be due in part to cooling 
after crystallization or to later slight deformation relieved on grain boundaries. 
Besides (1) filling of openings, some grain boundary deposits appear to have 
formed by (2) replacement of an earlier such deposit; (3) favorable physico 
chemical equilibrium between two adjacent grains and the enveloping solu- 
tion, or between one grain and the solution, for precipitation of a new mineral 
on the grain boundaries; (4) selective surface adsorption of the host for the 
solute representing the marginal mineral; (5) exsolution; (6) protective 
effect of mineral A on abutting portions of mineral B when B is attacked by 
a replacing solution, so that residual rims or fences of B remain around A; 
(7) survival of resistant rims of a zoned mineral; (8) replacement of a host 
mineral leaving antecedent rims or fences; (9) depositing as druses. 

Most ore mineral textures, except for early, blocky minerals, show con- 
trol by lack of replacement of surrounding quartz or earlier ore minerals, as 
in most types of fences and rims, ore minerals replacing ribbons (Figs. 14, 15, 
21, 29, 45), replacing inclusions (Figs. 30, 36, 48), filling fractures with little 
or no replacement (Figs. 28, 41), sulphide grains in veinlets of gangue in 
much larger sulphide grains (Fig. 40), minerals protecting areas of ore miner- 
als from replacement by later ore minerals (Figs. 32, 44), and antecedent 

veinlets of tetrahedrite in chalcopyrite (Fig. 33). 
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TABLE 1. 


TYPES OF RIMS AND FENCES IN ORE MINERALS. 


Fence (F) or rim (R) Host Surrounding Suggested Figures showing 
mineral | mineral mineral origin*® texture 
R magnetite talc talc 7 
R pyrite quartz | quartz, carbonate 1,2 36 
R pyrite quartz carbonate 2 } 35 
F pyrite sphalerite quartz 1, 9? 34 
F pyrite tetrahedrite | quartz 1,9? 
R pyrite tetrahedrite | chalcopyrite 7 | 32 
F pyrite, arsenopyrite | sphalerite | quartz 1, 9? 31 
F arsenopyrite tetrahedrite quartz } 1 
F sphalerite tetrahedrite | quartz 3,4 32, 37, 39 
R tetrahedrite quartz quartz } 1 
R tetrahedrite sphalerite quartz 4 37 
F tetrahedrite chalcopyrite | quartz, pyrite 6 
F tetrahedrite chalcopyrite | quartz 8 
R gray mineral | arsenopyrite | quartz 1 
R chalcopyrite | pyrite quartz | 1 
R chalcopyrite | sphalerite quartz } 3, 4 37, 39, 40 
R chalcopyrite sphalerite quartz 5? 
R chalcopyrite sphalerite pyrite 1.3 
R chalcopyrite sphalerite tetrahedrite 3,4 40 
R chalcopyrite sphalerite tetrahedrite 5? 
F chalcopyrite tetrahedrite quartz 3, 4 
F chalcopyrite tetrahedrite | quartz, pyrite 6 
R chalcopyrite tetrahedrite | quartz 3, 4 38, 39 
F pyrite, galena sphalerite tetrahedrite 1 3 
F galena quartz quartz 1 5 
R galena tetrahedrite | quartz } 
F galena sphalerite quartz t 
F galena gold quartz | 6 42 
F galena gold arsenopyrite } 6 44 
F pyrite, gold sphalerite quartz 1 
F pyrite, gold sphalerite tetrahedrite 1 3 
R gold quartz quartz A ‘, 2 5, 46, 47 
R gold arsenopyrite | quartz i, 2,3? $1 


* See following paragraph. 


The scarcity of replacement among the ore minerals can not be explained 
simply by later ore solutions being in chemical equilibrium with earlier ore 
minerals, since the same later ore minerals in other districts often show con 
siderable replacement of the same early ore minerals. Neither does decreas- 
ing concentration of later ore minerals in solution answer, for the ratio of 
abundance in such other districts of early to late ore minerals may be much 
larger than here. Pressure changes also seem insufficient, but decreasing 
temperature of the ore-carrying solutions at a given place seems the best 
explanation. This reasoning is supported by broad zonal relations in many 
districts, indicating that arsenopyrite, for instance, is a higher temperature 
mineral than galena—which here is later than arsenopyrite. Experimental 
evidence indicates that at least some of the apparently early ore minerals are 
formed at higher temperatures than some later ones. 


Gold.—Gold was the last ore mineral to be deposited and displays marked 
inability to replace quartz and earlier ore minerals. Gold generally occurs 
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Fic. 35. Pyrite replacing carbonate on quartz grain boundaries and filling 
fractures in quartz. xX 5. 

Fic. 36. Pyrite replacing carbonate on quartz grain boundaries. X 22. 

Fic. 37. Sphalerite with exsolved chalcopyrite and a tetrahedrite rim, and 
tiny composite sphalerite-chalcopyrite fence grains on outer edge of rim against 
quartz. Chalcopyrite and tetrahedrite patterns suggest growth of two sphalerite 
grains into one. Pyrite (white) and galena (light gray), upper right. X 27. 
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Fic. 38. Chalcopyrite rim on tetrahedrite-quartz contacts, and pyrite fence 
on a tetrahedrite-massive chalcopyrite contact (upper left). x 87. 

Fic. 39. Tetrahedrite with off-shore sphalerite-chalcopyrite fence grains in 
quartz. Tetrahedrite is veined and partly rimmed by chalcopyrite. X 218. 

Fic. 40. Sphalerite grain in tetrahedrite; chalcopyrite rims sphalerite, partly 
replaces gangve veinlets in sphalerite and tetrahedrite, and an off-shore sphalerite- 
chalcopyrite fence in quartz surrounds tetrahedrite. X 36. 
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Fic. 41. 





ORIGINAL SIXTEEN TO ONE GOLD-QUARTZ VEIN. 239 


yf 
“% 


Py eee 


Coarse arsenopyrite with gold filling fractures, in rounded areas, and 
partly surrounding it against quartz. x 45. 
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alone in quartz on grain boundaries or in fractures (Fig. 46), and in very rich 
specimens floods quartz, where it probably replaced carbonate inclusions 
(Fig. 48). It occurs with galena as wisps in quartz and in wormy patterns 
(Fig. 45), and apparently replaces galena in arsenopyrite (Fig. 44) or in other 
sulphides and quartz (Figs. 42, 47). Gold often partly surrounds and fills 
fractures in arsenopyrite (Fig. 41). It forms fences on chalcopyrite and 
sphalerite (Fig. 43). Paint gold forms thin coatings on the vein walls, usually 
angling off into the vein (Fig. 21). 

Gold probably was deposited as a continuous part of the mineral series, as 
suggested by its similar occurrence in the same areas, and by its occasional 
mutual relations with galena. It is indicated to be mainly later than surround- 
ing quartz by: (1) the common occurrence of high-grade shoots on or making 
from vein walls, (2) its common confinement to wispy patterns in quartz 
(Figs. 45, 46), (3) gold surrounding euhedral quartz crystals (Fig. 47), (4) 
quartz breccia with carbonate cement partly replaced by gold (Figs. 12, 42, 
47), (5) most sulphides show some localization by earlier quartz, and gold is 
indicated to be later than these, (6) localization of gold by deformation in 
quartz is suggested by its apparent association with live quartz (Figs. 14, 15). 

Gold may continuously follow tensional fractures in arsenopyrite whose 
width decreases to below the limit of resolution at 2,000 magnification, or about 
0.1 micron diameter (Fig. 41). Dispersed particles of gold in a colloidal sol 
may range from 0.001-0.2 micron diameter, and may penetrate such fractures, 
but such penetration is easier imagined for true solutions. Farmin’s sugges 
tion that gold may appear to be late because it is squeezed into position ** is 
untenable for such fillings unless squeezing involved re-solution of the gold. 
No remnants of unsqueezed gold were found with textural indications that 
surrounding minerals deposited later. 


ORE SHOOTS. 


The average grade of the whole vein is too low for profitable mining, which 
requires that more high-grade be found than in random mining of the vein. 
The purpose of this study is the prediction of the most probable locations of 
unmined high-grade. Strong correlations were found of high-grade with some 
vein structures apparently controlling its localization, and the extreme spread 
between high-grade and the practically barren remainder of the vein is thus 
partly explained. 

The Sixteen To One high-grade is richer than any other for which I have 
seen comparable data. Scattered in a vein otherwise assaying about 0.04 oz., 
several hundred shoots have been mined, producing up to 78,000 oz. each, and 
running from 2,000-6,000 + oz., or on the order of 100,000 times richer than 
adjoining vein areas. One block of high-grade weighing 160 lbs. averaged 
16,800 oz. The recorded tonnage mined from the vein through 1942 is 
608,012 + tons with an estimated yield of 749,179 + oz. of gold, of which 


23 Farmin, Rollin: Host-rock inflation by veins and dikes at Grass Valley, Calif. Econ. 
Grot. 36, 143-174, 1941, pp. 172-173 
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Fic. 42. Ore minerals replacing carbonate matrix of quartz breccia (Fig. 12). 
Gold veins tetrahedrite. Galena, gray. Arsenopyrite euhedra in quartz. xX 18. 

Fic. 43. Pyrite-gold (white) fence on sphalerite in tetrahedrite. X 138. 

Fic. 44. Gold in arsenopyrite, with galena (g) residual from replacement by 
gold. xX 24. 

Fic. 45. Gold, galena, and sphalerite (dark gray) on quartz grain boundaries, 
and a wormy gold-galena intergrowth. xX 26. 

Fic. 46. Gold on quartz grain boundaries.  X 51. 

Fic. 47. Gold replacing carbonate matrix of quartz breccia (Fig. 12). Galena 
residual from gold replacement (right). Arsenopyrite euhedron in quartz. X 34. 

Fic. 48. Gold in quartz, replacing carbonate inclusions? x 8. 
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hand-sorted high-grade constitutes 164+ tons producing 548,759+ oz. 
Production since 1941 has been curtailed by the war and its aftermath, 
Association Indices.—Table 2 is based on the production of all high-grade 
mined through 1942 except probably less than a dozen minor shoots for which 
data are lacking. The favorability for high-grade of each feature listed is as- 
sessed by an association index (A.I.). For a feature having a mapped area, 
the areal A.I., A.l.a = S 4 Auf where at = total area of the vein included in 
af*° Aut 
mapping on the projection used, af = area of the feature mapped on that pro- 
jection, Au f = high-grade production associated with the feature, and Au t = 
; : > : at lh 
total high-grade production mapped. For cross-faults, A.l.a = x=, 
ah“ lt 
where ah = total area of high-grade shoots on a horizontal projection, Jh = 
length of traces of cross-faults with vein in high-grade, and /t = total length 
of traces of cross-faults with vein. For features of scattered occurrence, 
at _ nh 5s , : 
A.la = — &* —, where nh = number of occurrences of the feature with 
ah nt 
high-grade, and nt = total number of occurrences of the feature in the mine. 
The amount of high-grade mined in a given area of the vein associated 
with any feature is directly proportional to the feature’s A.l.a. If the fea- 
ture has no positive or negative correlation with ore shoots, i.¢., is neutral, 
its A.l.a should be 1.0; twice the average amount of high-grade should be 
associated with a feature having an A.lI.a of 2, and half the average with an 
A.l.a of 0.5. 
For a feature mapped on a horizontal plane, the volume A.I., A.I.v 
ta _ cos da ‘ pleas as 
A.la xX — xk —— , where ta = average thickness of the vein (6.75 ft.), 
tf °° cos df 
tf = thickness of vein associated with the feature, da = average dip of vein 
(38°), and df =dip of vein associated with the feature. For a feature 
, ta 
mapped on a plane parallel to the vein, A.l.v = A.La x if x cos dd, where 
dd = difference in dip of vein associated with the feature from the dip used 
for the parallel-plane projection. The amount of high-grade mined in a given 
volume of the vein associated with any feature is directly proportional to the 
feature’s A.I.v, an A.I.v of 1.0 being neutral. 
The A.I,’s are as accurate as the mapping and integrate that information 
in easily compared figures. The main sources of error in determining A.I.’s 
are incomplete exposures and mapping, and too little of some features for a 
reliable statistical statement of their correlation with gold. The A.I.’s for 
serpentinite, cross-faults, troughs, basins, bulges, domes, lenses, mariposite, 
and ribbon quartz are thought to be fairly accurate; A.I.’s for branch faults, 
pinches, and massive quartz are of the right order; A.I.’s for wall gashes, 
stringers, breccia, crushed quartz, and sulphides are based on too few occur- 
rences to be more than suggestive. 
Accurate evaluation of the composite A.I. (A.1.C) of a setting usually is 
impossible, as this involves weighing the extent to which each feature con 
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TABLE 2. 
ASSOCIATION INDICES OF SOME FEATURES WITH HIGH—GRADE. 


Area of vein included in mapping: on horizontal projection, 5,760,000 sq. ft.; on parallel 
plane projection, 6,990,000 sq. ft. Area of high-grade mapped, on horizontal projection: 272,000 


























sq. It. 
Recorded production from vein: 657,359+o0z. Production from high-grade areas mapped: 
588,126 oz. (includes 101,187 oz. of mill ore from high-grade areas). 
| | | | 
| High- Number b Vein near Association 
grade | besa ococingg | feature index 
produc- Aven of of feature 
Feature | tion as- feature ; Ss 
| sociated sq. ft. | ¥e | ei | ieee | 
| with | Total | With | Thick- 
feature in high- | DipO | ness | A.La A.L.v 
oz. mine | grade } ft. | 
Serpentinite, foot-wall®| 306,989 | 738,000} 34 | 6.2 4.1 4.7 
At serp. 148,474 | 288,000] | SB] $8 | 58 5.8 
Above serp. | 159,570 | 225,000 | 32 5.7 | 6.9 8.8 
Below serp. 126,372 225,000 | 30 7.1 } 5.5 5.8 
Serpentinite, hanging | | 
wall? 161,635 590,000 | | 34 39 1 aa 3.2 
At serp. 34,752 | 190,000 | | 41 51 | 1.8 2.3 
\ Above serp. 93,300 | 200,000 | | 32 5.3 | 4.6 6.3 
) Below serp | 42,115 | 200,000 | 9 | 4 1 63 2.1 
Cross-faults® | 236,630 | 1,000,000 | 43 «| «(6.3 2.3 2.3 
At cross-f | } | 20,0004 | 2,6004 as i S23 2.7 2.9 
Above cross-f. 34,713 | 500,000 | | 38 4.6 0.7 1.0 
Below cross-f. | 147,500 | 500,000 | | 42 8.9 2.9 2.1 
Branch faults | 54,596 300,000 | St ta 1.8 1.8 
Troughs | 158,691 | 1,129,000 | | 30 9.7 | 1.4 1.1 
Dip-troughs 96,809 590,000 31 21.3 1.6 i 
Strike-troughs 61,882 | 539,000 | | | 29 | 9.2 1.1 0.9 
Basins | 250,180 | 485,000 25 | 9.2 | 5.1 4.3 
| Bulges | 34,815 | 2,050,000 | | 46 6.5 0.17 0.15 
Dip-bulges | 22,158 | 950,000 55 6.6 | 0.23 0.17 
Strike-bulges 12,657 | 1,100,000 | | | 38 6.4 | 0.11 | O.11 
Domes 652 | 256,000 | 46 8.2 | 0.02 | 06.02 
Vein thickness, ft | | | 
Less than 2 10,783 | 1,710,000 42 | 1.0 | 0.08 0.5 
2-5 109,415 | 2,260,000 39 33 i Os 8 
5-10 72,564 | 1,678,000 38 7.5 0.5 0.5 
10-15 | 39,825 | 488,000 | 36 | 125 | 1. 0.5 
15-20 54,365 392,000 | 33 17.5 y We 0.6 
20-25 | 71,576 | 218,000 | 27 | Sao 3.9 1.2 
25--30 110,835 | 139,000 | 3. | Ws 9.5 5 
30-35 72,019 | 88,000 | 22 | 335 9.7 2.0 
Massive quartz 340,262 | 1,500,000 | 31 18.6 aa 0.9 
| Ribbon quartz 194,820 542,000 34 9.3 3.5 2.7 
Gash veins | 5,480 7} 1] 30 | 94 | 30 | 24 
Stringers | 2,429 60 2 | 36 i 4.1 0.7 iz 
Breccia 18,034 14 | 1 30. | 10.5 1s 1.1 
Crush 58,793 50 11 38 40 | 4.7 7.9 
Mariposite | | | | | } 
Foot-wall | 206,389 | 300,000 | | 31 7.4 5.1 5.1 
Hanging-wall 130,467 | 250,000 | 38 6.8 6.7 6.7 
Inclusions 184,183 | 275,000 | | 31 6.8 | 6.5 7.0 
Arsenopyrite | 247,171 15 12 27 10.2 | 17.0 12.7 
Sphalerite | $8,820 3 2 33 14.7 | 14.1 6.9 
Tetrahedrite | 191,932 10 | 4 29 14.8 8.5 4.3 
Chalcopyrite | 88,581 7 3 38 12.2 9.1 5.0 
l Galena 83,006 6 | 3 30 14.0 10.6 5.6 
| 














* All areas are on a horizontal projection except those for vein width, on a projection parallel 
to the vein. 

> Includes areas of the vein 50 feet above and below serpentinite. Total production associated 
with serpentinite is less than the sum of productions from the subdivided serpentinite areas 
because production of some shoots is included both in areas above and below serpentinite. 

© Includes areas on the vein 25 feet above and below cross-faults. 

4 Figures refer to length in feet. 
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cerned independently favored the entrance and deposition of gold. In Ta 
ble 3, A.I.C’s are estimated for eight high-grade areas. The first six are 
among the richest shoots mined; 1000N, 2300E is a promising area for ex- 
ploration ; 2900N, 1700E is the one shoot found on the 3000N dome. Esti- 
mation of the A.I.C. for the 4000N, 450E area illustrates the approach: The 
A.LC is at least 4.3, i.e., the basin A.I.v. The lens, pinch, and massive quartz 
are ignored as corollaries of the basin. The main independent effect of ser- 
pentinite and cross-faulting probably was channelizing solutions into the area 


TABLE 3. 


OCCURRENCE OF SOME HIGH-GRADE SHOOTS, WITH ESTIMATED A.I.C’s.* 


g | | | 
| 3300N | 





en | 2000 | 2200n | “Soon | 1000N | a | 4000N | 1000N | 2900 
200E | 1000E |nig, eS 1800E \Fig. 49p| 450E | 2300E | 1700E 
| ! 
Production, oz. 78,000 | 72,019 | 33,342 | 26,318 | 25,362 | 18,034 | 2,069 | 303 
Serpentinite | | | 
Foot-wall | | b | a,b x a x 
Hanging-wall b | | a 
Cross-faults x b | x | | a | | 
Branch faults x 
rrough | | | 
Dip-trough | x | 
Strike-trough x | | = 
Basin | x x | x | x } 
Dome | | | x 
Len x x x x x x x | x 
Pinch x x x x 
Breccia x x 
Crush x x x 
Massive quartz | x x x x x x 
Mariposite 
Foot-wall x | x 7 x x x x 
Hanging-wall x x x x 
Inclusions x x x x x 
Sulphides | 
Argenopyrit x x x x | 
Tetrahedrite x x x | 
Chalcopyrite | x | } | 
Galena x | x 
At. 10 | 9 4 7 7 9 6 0.1 


| 


* x—near or at high-grade area; a 


above area; b—below area. 


below them. The favorable A.I.’s of the other features also are significant : 
mariposite suggests strong hydrothermal activity, crush and breccia indicate 
post-quartz fracturing, and arsenopyrite and galena very strongly suggest as- 
sociated gold. These influences combined should about double the favorabil- 
ity of the basin to an A.L.C of 9. 

Gold Deposition —All gold occurs within the vein walls, very sparsely dis- 
seminated throughout the vein except for extremely rich shoots, where the 
grade of the vein otherwise seems to be somewhat less than average. The 
most important patterns of high-grade localization are thought to be: (1) 
pitching flatly south—trend of intersections of the vein with serpentinite, con- 
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glomerate, and cross-faults, (2) riding areas. Riding areas just below the 
features of (1) are particularly rich. 

In considering the correlation of various features with gold, the distinction 
is emphasized between features controlling its deposition, and those associated 
with it because of localization by similar controls. The larger controlling fea- 
tures, even those with relatively low A.I.’s, should aid prospecting more than 
the smaller associated features. To clarify these relations, the following series 
is suggested. Each succeeding class of features is thought to have been con- 
trolled largely by those preceding it and, except for those in parentheses, to 
tend to control those succeeding it. Serpentinite is the most important con- 
trol of the three primary features, the conglomerate secondary, and variations 
within the Tightner formation least important. (1) Serpentinite, Kanaka 
conglomerate, Tightner formation; (2) cross-faults, branch faults; (3) vein 
contour—basins, troughs, domes, bulges; (4) splits; (5) intravein shears; 
(6) carbonate (talc), (mariposite) ; (7) lenses, pinches, ribbon quartz, mas- 
sive quartz, inclusions; (8) gashes, breccia, stringers, crush; (9) sulphides, 
minor impurities in the vein; (10) gold. 

Gold is believed to have been deposited later than most of the vein quartz 
and sulphides. The gold-bearing solutions ascended fresh shears, mainly on 
the vein walls and especially the foot-wall, often working into the vein along 
intravein shears and ribbons. Gold tended to form inost abundantly where 
existing openings favored strong flow of gold-bearing solutions, replacing 
carbonate ribbons or inclusions and galena on or near the channel-ways, and 
depositing in openings mainly in these shears or in small fractures in quartz 
or arsenopyrite and on their grain boundaries. 

Strong, late shears in the vein which were open to gold-bearing solutions 
are the basic control of high-grade shoots, and were best developed in basins 
localized mainly by variations in wall-rock competence under shearing stress. 
Too little gold was available to be abundantly deposited except occasionally in 
especially favorable areas along these shears. There is some positive cor- 
relation of gold, however, with other evidence of fracturing, as crush, breccia, 
and deformed quartz. Most ore shoots for which there are such data occurred 
near the foot-wall rather than the hanging-wall. The vein is richer near its 
walls than in the middle probably because of fresh shears near the walls, not 
sealed by quartz as were earlier shears within the vein. 

A remarkable characteristic of the ore shoots is their tendency to form 
“crossings.” Except for personal observation of the 1300N, 2000E shoot, 
the following information was derived orally from men who each have seen 
many ore shoots worked during many years at the mine.** About two-thirds 
of the shoots whose positions within the vein were noted formed crossings. 
They start on or near the foot-wall and cross the vein diagonally up-dip for 
perhaps 50 feet or more, dying out on or near the hanging-wall. They gen- 
erally cross the vein at a very low angle and a complete crossing is seldom made 
(Fig. 49A). Shears controlling them were not observed, but some crossings 


24C. A. Bennett, W. C. Hart, Don Godfrey, William Morrison, Clayton Johnston, Swede 
Murphy, Jim Swan, Scotty McLeod: Alleghany, 1940 
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seemed to stay in a discrete zone of quartz for their whole length, with en 
echelon bands of gold paralleling the nearest vein wall. Crossings may run 
into paint gold on one or both walls. So far as I know, no similar tendency 
of ore shoots in other veins in the district has been noted. 

Gold was seen to follow ribbons in the 1300N, 2000E shoot (Fig. 21) and 
elsewhere, and this seems the general explanation of the parallel banding. 
Lack of direct observation makes establishment of the diagonal control un- 
certain, but strong indirect evidence indicates that it is intravein shearing. 
This was observed in many parts of this and other veins in the district, gen- 
erally with discrete bands of quartz on the shears.*®° Such faulting appar- 
ently always is reverse, almost always crosses the vein with a steeper dip 
than adjacent vein walls, and some continued after gold deposition, cutting 
off ore shoots. 

The present obscurity of such shears may be due to quartz and gold de- 
posited on them. They should be best developed where relatively flat areas 
steepen down-dip, according with the abundance of high-grade in the vein 
above steeps associated with serpentinite. Most ore shoots described as 
crossings are near the lower edges of flats. Perhaps one reason for the smaller 
production of other veins in the district may be the lack there of intravein 
shearing with a high critical permeability for gold. 

The reverse tendency, to cross diagonally from hanging- to foot-wall going 
up-dip, was noted in one ore shoot. It may be due to intravein shearing at 
the upper edge of a flat. 

Serpentinite is the dominant control of bends in the vein, and therefore 
of high-grade. It steepens and twists the vein, and by reducing flow of solu- 
tions in the vein through it, tended to channelize flow below it and favor dep 
osition there of unusually abundant quartz and gold (Fig. 49). Due partly 
to the greater amount of gold moving up the foot-wall, more gold deposited 
near foot-wall than hanging-wall serpentinite, and perhaps mainly because 
of intravein shears above steeps associated with foot-wall serpentinite, high- 
grade is especially abundant there. Mingling of solutions which had passed 
through serpentinite walls with different solutions which had passed through 
schist walls also possibly favored gold deposition above serpentinite. Prob- 
ably because of much carbonate in serpentinite, gold and arsenopyrite are un- 
usually abundant even in areas of serpentinite walls. 

No effect of the schist structure on high-grade was noted except for an 
uncertain tendency for the vein to be steep and thin, and high-grade scarce 
in schist where there is much gouge on vein walls. 

Most cross-faulting is earlier than gold, breaking the vein into discon- 
tinuous segments and probably steepening it. Partly localized by serpentinite, 
cross-faults tended to divert solutions in the vein to flow along or below their 
intersections with it, forming high-grade there and leaving the vein just above 
with less than average quartz and gold. The junctions of branch faults with 
the vein perhaps localized some high-grade but their positions are not ac- 


25 Ferguson and Gannett: op. cit., pp. 35-36, Fig. 10. 
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curately known. Some high-grade is found near vein splits, probably be- 
cause they tended to be localized by other factors favoring high-grade. 

The contour of the vein apparently exerted a striking control on gold dep- 
osition in terms of riding and bearing areas: about half of all high-grade 
mined was in basins and practically none was in domes, whose A.I.v is 1/215 
that of basins. Bulges generally also are barren.*® Assuming dominantly 
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Fic. 49. Some high-grade occurrences. A, 1050N, 1900E shoot, above foot- 
wall serpentinite and below a pinch and cross-faulting associated with another 
foot-wall serpentinite body. B, 3300N, 600E shoot, on edge of a lens above a steep 

| and cross-faults associated with foot-wall serpentinite. C, part of A, enlarged. 
D, 2300N, 1250E shoot, in a hanging-wall split from a lens at the south end of a 
foot-wall serpentinite tongue. 


26 The possible localization of ore in relatively open areas left due to displacement on a 
warped fracture has long been recognized. It was studied recently by contouring veins against 
assay returns (Conolly, H. J. C.: A contour method of revealing some ore structures. Econ. 
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dip displacement not much greater than the minimum indicated, dip-troughs 
and especially basins afforded the most open channelways for ore solutions. 
Rock pressure held the whole vein shear-zone much tighter than it would have 
been in simple movement of the walls past each other, and probably only riding 
areas most protected from this pressure actually developed significant channel- 
ways. Rich high-grade shoots show an especially high correlation with 
basins (Fig. 50). Gold-bearing solutions apparently skirted domes and 
bulges, or were disseminated there in many tight shears instead of forming 
high-grade on a few strong shears as in riding areas. 

The vein tends to be flatter in schist than in serpentinite or conglomerate. 
Flats below the conglomerate and associated serpentinite and Tightner cross- 
faults possibly localized by the conglomerate, and probably diversion of solu- 
tions below serpentinite and along intersections with the cross-faults, localized 
much high-grade, as in the 2000N, 1200E area and structurally similar basin 
at 4000N, 450E. 

The very low A.I. of strike-bulges in contrast to the neutral A.I. of strike- 
troughs may be partly explained by the 3000N dome-bulge area, where a 
large sector of the vein forms a strike-bulge but not a dome, whereas the 
comparably strong strike-troughing of the 2000N and 4000N areas is largely 
included within basins. Although bulges generally are barren, local flats in 
them may be exceptionally rich, suggesting convergence there of rising solu- 
tions. The rich central basin, 2000N, particularly suggests a “cross-roads” 
of ore solutions. The 3300N, 600E shoot is in a dip-trough just above a 
marked steepening associated with foot-wall serpentinite and cross-faulting 
in the 3000N dome (Fig. 49B). The whole vein as now developed is on a 
broad strike-bulge with three main basins, each of which has unusually thick 
quartz and which together account for most of the gold production of the 
vein—l000N, 2000N, and 4000N. Though the deepest levels explore a 
strike-bulge, troughs or basins should be found there by farther drifting both 
north and south. Since domes and basins, and troughs and bulges are merely 
complementary phases of an irregular vein, the presence of bearing areas on 
some of the periphery of mining is not discouraging, but can be used to guide 
exploration to associated riding areas: what would be discouraging is a 
straight vein with a uniform, and therefore probably submarginal gold dis- 
tribution. 

Riding areas in dip-troughs tend to have flat or no pitch, in strike-troughs 
to pitch down-dip, and in basins to have variable pitches. Due to other con- 
trols, however, ore shoots show little conformance with the shapes of en- 
closing riding areas. Ore shoots usually pitch approximately down-dip, 
possibly influenced by the tendency of ore solutions to move upward wherever 
possible. 

Gold might be expected to be abundant in lenses, since the same general 
factors probably favored strong flow of quartz-depositing and gold-depositing 
Geor. 31, 259-271, 1936). Some ore shoots in the Sixteen To One vein have been thus ex 
plained (Ferguson and Gannett: op. cit., pp. 59-60. Newhouse, W. H.: orally, M. I. T., 1940; 
Openings due to movement along a curved or irregular fault plane. Econ. Grot. 35, 445-464, 


1940, pp. 461-464; Structural features associated with ore deposits. Ore Deposits as Related 
to Structural Features, 9-53, 1942, pp. 21-22). 
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solutions. Fig. 50 reflects the strong correlation of both lenses and high-grade 
with basins. The massive centers of lenses are relatively barren, with high- 
grade occurring mainly on the walls and flanks, localized by fresh shears 
and fracturing there. Rich ore shoots occur in lenses in the 2000N and 4000N 
basins, and Fig. 49B and D shows shoots on the flanks of lenses. 
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Hig. 50. Correlation of gold with vein dip and thickness. 


Mariposite often is found with gold as its deposition from hydrothermal 
solutions attacking chromite in serpentinite would suggest. Sulphides are 
especially closely associated with gold due to their deposition from similar 
solutions by similar causes. Arsenopyrite occurs most often with gold, per- 
haps partly because it tended to selectively replace the same type of carbonate- 
rich areas which gold later sought out to replace, partly because fractures in 
it were open during gold deposition, and partly because of selective precipita- 
tion of gold on it. ‘ 

A spectrographic study of minor impurities, mainly Ag, Bi, Pb, and Sn, 
in vein quartz disclosed no significant correlations with high-grade.?*7 Outside 
of high-grade, gold is hardly more abundant than these minor metals, but its 
listribution can better be studied by fire assays, whose quantitative accuracy 
is immeasurably superior to the spectrograph. But assays also show no dis- 
cernible trends near high-grade. The transition from high-grade to prac- 
tically barren vein is very abrupt, and assays probably cannot help much in 
prospecting. However, there seems a broad tendency for assays near high- 
grade to run lower than elsewhere. Excluding assays of over 1 oz., those 
in the 3000N dome and in the strike-bulge explored by the three deepest levels 
average about 0.06 oz., compared with an average of about 0.03 oz. near high- 
grade. 

27 Fuller, W. P., Jr.: Spectrographic study of gold-quartz ores from Alleghany district. 
M. S. thesis, Calif. Inst. Technology, 1942. 
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If the indicated increase on the deepest levels were continued for perhaps 
1,000 feet deeper on the dip, commercial grade of 0.3-0.4 oz. might be reached. 
However, the amount of gold in the ore-forming solutions probably was ap- 
proximately uniform throughout the area of the vein likely to be mined, and 
as the whole vein cannot be mined in its developed parts, except for the pos- 
sibility of a decrease in vein thickness with constant gold content/vein area, 
continued dependence for ore is indicated on high-grade. Any significant 
change in gold content within the probable limits of mining would be ex- 
traordinarily abrupt zoning in a mesothermal vein. The central part of the 
vein is the richest yet found, but as much gold has been mined near the ends 
of the vein as in the average intervening area, and there is no suggestion of a 
marked lateral or downward decrease in strength of the vein shear-zone, or of 
general hydrothermal activity as shown by vein thickness, alteration, and sul- 
phides, or of gold. 

Why High-grade?—The average grade of the Sixteen To One vein is 
not unusually high but concentration of the gold into enormously rich shoots 
in an otherwise lean vein is unusual. The localization of these high concen- 
trations is thought to be explained largely in terms of the controls discussed. 
But apparently similar controls are found in districts where gold forms no 
high-grade shoots. 

Gold deposition here is placed during cooling of the vein, and later than 
the bulk of vein quartz. These factors would tend to cause gold to be depos- 
ited relatively rapidly in the few open spaces and replaceable minerals left in 
the preponderant quartz. It seems possible that this may be unusual, since 
both the weakness of replacement among ore minerals and general confinement 
of gold to near or on a few late shears in vein quartz is unusual, and that the 
more uniformly disseminated gold in most gold-quartz veins may have been de- 
posited during increasing temperature of the vein and before much vein quartz 
had formed, gold thus being deposited relatively slowly in many open spaces 
and in replaceable minerals. 

The granodioritic core of the Sierra Nevada seems to pitch to the north * 
whereas the Sierra Nevada Gold Belt, of which Alleghany is the northernmost 
important district, increases in elevation northward, suggesting that the Al- 
leghany deposits are comparatively far from their source-magma. Perhaps the 
many factors influencing gold deposition were at just the right balance here 
to cause gold to be deposited relatively late, in a relatively short time, during 
which only a few fractures were open on or near which most gold was depos- 
ited. The best approach to this problem appears to be a comparative study 
of high gold concentrations in other districts. 


CHUQUICAMATA, CHILE, 
December 12, 1946. 


28 Cloos, Ernst: Mother Lode and the Sierra Nevada batholith. Jour. Geol. 43, 225-244, 
1935, p. 242. 























TRANSPORT AND DEPOSITION OF THE NON-SULPHIDE 
VEIN MATERIALS. 


II. CASSITERITE. 
F. GORDON SMITH. 


ABSTRACT. 


Cassiterite (tetragonal SnO:z) is stable in, and can be crystallized 
from, aqueous solutions of sodium stannate from room temperature up 
to at least 450° C. Cassiterite is stable in hot alkaline solutions containing 
large amounts of soluble silicates, carbonates, sulphides, polysulphides, and 
fluorides, and has been crystallized in the same system with magnetite 
(FesO.), pyrrhotite (Fe:-2S), fluorite (CaF2), and alkali silicates. 


Tue observations made by Daubrée (8) * on the association of cassiterite and 
fluorine-bearing minerals in certain European tin deposits, coupled with his 
synthesis of cassiterite by the hydrolysis of SnCl, by steam at a high tempera- 
ture (9), formed the basis for the first generally accepted theory of the origin 
of such veins. The theory is that tin is transported away from crystallizing 
intrusives as SnCl, (and/or SnF,) in a gas phase, and, due to reaction with 
gaseous or liquid water in fissures in the cooler country rocks, hydrolyses to 
form SnO, which crystallizes as cassiterite. The HCl (and/or HF) generated 
at the same time alters the country rocks to form halogen-bearing minerals. 

The rather frequent association of cassiterite and minerals containing the 
halogens has since been emphasized by many observers. However, it was 
soon pointed out that there are many tin deposits where evidence of associated 
greisen, topaz, and fluorite is lacking, such as in many granite pegmatites 
(25, 23, 14, 11, 6, 24). Also, the Bolivian tin deposits show little mineralogi- 
cal similarity to the fluorine-rich European types (10, 17, 18, 20, 16, 5, 1, 2, 3, 
19, 22). Nevertheless the simplicity of the volatile halide theory renders it 
very attractive and it has not been seriously questioned. Vogt (29, 30) es- 
pecially has amplified the original concept. 

In the introductory paper of this series (27), it was postulated that if the 
normal ore-bearing solutions are derived from deep-seated magmas by frac- 
tional crystallization, then such solutions will be hot, aqueous, and alkaline 
when they leave the parent magma, and will become cooler and less strongly 
alkaline as they move away from the source and react with the country rocks. 
However, this postulate must be false with regard to the transport of cas- 
siterite if the generally accepted theory of tin transfer is true in all cases. Con- 
versely, if it can be shown that the tin minerals are stable in hot alkaline solu- 
tions and if they can be dissolved and crystallized by such solutions, it would 
mean that the postulate may be true with regard to the tin minerals. It would 


* Numbers in parentheses refer to bibliography at end of paper. 
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also mean that the volatile halide theory may be false with relation to some 
types of deposits. 

It is well known that tin oxide is amphoteric and forms soluble alkali 
stannates as well as tin halides. There will thus be agreement that tin oxide 
may be transported by alkaline solutions if such occur in nature. As far back 
as 1866, Bischof suggested that tin might be transported in alkali carbonate 
solutions. However, it has not yet been demonstrated that cassiterite is stable 
in, and can be crystallized from, hot solutions of alkali stannote. That is the 
primary purpose of the experiments described below. 

Tin is soluble in water solutions as the simple positive ion in strongly acid 
solutions, and as complex negative oxy-ions in strongly alkaline solutions, but 
the oxide has a very low solubility in nearly neutral solutions. This can be 
represented as follows: 


Sn*+ + 8O0H- = SnO, + 2H,O + 40H- = SnOf + 4H,0. (1) 


(in acid solutions) (in alkaline solutions) 


In aqueous solutions containing a high concentration of sulphide ion, a similat 
equilibrium may exist : 


Sn‘*+ + 8HS- = SnS, + 2H.S + 4HS- = SnSi- + 4H.S. (2) 


(in acid solutions) (in alkaline solutions) 


That is, stannic sulphide is soluble in strongly acid and strongly alkaline solu- 
tions but not in nearly neutral solutions. In aqueous solutions containing the 
sulphide ion, the solid phase in equilibrium with neutral or weakly acid or al- 
kaline solutions is the oxide rather than the sulphide. That is, if a dilute 
solution of sodium thio-stannate is boiled, tin oxide is precipitated instead of 
the sulphide. : 

When a solution of sodium stannate is progressively diluted with water, 
hydrolysis of the salt precipitates flocculent stannic oxide: 


NaSnO; + HO — 2NaOH + SnQ, |. (3) 


The above reaction also goes from left to right on raising the temperature of a 
dilute solution of sodium stannate. A more dilute solution will precipitate 
stannic oxide at a lower temperature than will a more concentrated solution. 
It was noticed that if a soluble fluoride is present when the precipitation of the 
stannic oxide is carried out in sodium stannate solutions at 100° C., the precipi- 
tate settles quicker and appears to be more crystalline and less colloidal. Ac- 
cordingly, in many of the following experiments, a soluble fluoride was present 
in small amounts to aid in the separation of solid phases in fewer and larger 
crystal units. 

Preparations of flocculent or gelatinous stannic oxide formed by hydrolysis 
of various salts of tin have been shown by Forster (12) to be suspensoids of 
minute crystals of cassiterite. Since the stable phase formed by the hydrolysis 
of salts of tin is thus cassiterite, it only remains to be shown that if the hydroly- 
sis is carried out at an elevated temperature, and in alkaline solutions, crystals 
of cassiterite will be formed instead of a sol or gel. 
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The experimental work was carried out with high pressure bombs which 
have been described previously (26), but which since: have been modified 
slightly. A drawing of the type of bomb used in the experiments is shown 
in Fig. 1. The first few runs were made without a lining on the inside walls 
of the bomb, but the alkaline solutions reacted vigorously with the steel (form- 
ing a layer of crystalline magnetite, and generating a considerable pressure of 
hydrogen). The later runs were made using a fine-grained electrode graphite 
pot, fitting tightly to the inside well of the bomb, to hold the solutions. The 
pot was covered by a graphite lid with a conical seat on the edges of the pot. 
This decreased the rate of attack of the solutions on the steel, but a small 
amount of iron was found in solution at the end of the high temperature runs. 
The gasket used to seal the bomb was of annealed copper, 42 of an inch in 
thickness and *4 of an inch wide, fitting between ground, lapped, and polished 
steel gasket bearing surfaces. It has been found by experience with this type 
of bomb that very clean and smooth copper and steel surfaces will weld to- 
gether under pressure and very good non-leaking closures can be made. 

The bombs were heated by means of a simple jacket resistance furnace con- 
trolled by a variable ratio auto-transformer, or a potentiometer type pyrometer 
controller. The temperatures were measured with a potentiometer type auto- 
matic indicator using a chromel thermocouple. The temperature indicator 
was tested with the zinc melting point (419.4° C.). The recorded tempera- 
tures are probably correct to + 2° C. 

The chemicals used in the experiments include: stannic oxide, powder, 
Baker’s C.P.; sodium stannate, granular, Baker’s C.P.; sodium fluoride, pow 
der, Baker’s C.P.; potassium hydroxide, pellets, Baker’s C.P.; sodium sul 
phide, crystals, Baker’s C.P.; sulphur, broken lump, Baker; quartz, crystal 
groups, unknown source ; and hematite, from Steeprock Lake, Ontario. 

A summary of the components placed in the bomb in each run, together 
with other experimental data, is shown in Table 1. The general method was 
to: (1) make a solution of the soluble components to a volume of approxi 
mately % of the inside volume of the bomb minus the volume of the insoluble 
components, (2) add the insoluble components, (3) seal the bomb, (4) heat 
to approximately 450° C. in 1-3 hours, (5) hold the temperature near 450° C. 
for various lengths of time, (6) cool to room temperature in 18 hours and (7) 
examine the solid phases present. 

No direct determination of the maximum pressure within the bomb at the 
maximum temperature of each run was possible, but if the solutions had the 
thermal expansion characteristics of pure water, a degree of filling of 7% at 
room temperature would have developed an internal pressure of 2,000 at- 
mospheres at 450° C. (Goranson 1942), equivalent in pressure to a depth in 
the earth of approximately 5 miles (Daly 1933). Also, the solutions would 
have completely filled the interior of the bomb at 320° C. and thus there should 
have been no discontinuity in the state of the solutions on passing through the 
critical temperature if such exists between room temperature and 450° C. 

Experiments 1-4.—A series of preliminary experiments were carried out to 
see if sodium hydroxide and sodium carbonate solutions will dissolve stannic 
oxide at an elevated temperature and precipitate it on cooling. Some of the 
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stannic oxide included in the charge was found to have been dissolved during 
the heating and was detected in the solution at the end of each run, but no 
crystals of cassiterite were seen. It was noted that the rate of solution of 
pure crystalline stannic oxide (cassiterite) is slow in aqueous solutions of so- 
dium hydroxide and sodium carbonate. 

Experiments 5 and 23.—These were attempts to reduce slowly the alkalin- 
ity of sodium stannate solutions by allowing them to react with quartz to form 
sodium silicate and cassiterite : 


Na2SnO; + SiO. — Na2SiO; + SnO.. (4) 


Experiment 5 was unsuccessful because the gasket of the bomb failed, but 
in Experiment 23 the compact fragment of quartz was altered, with the con- 
version of 3 of the mass to a soft glass containing bubbles, which in turn was 
covered by a thin layer of crystalline alkali silicates and radiating groups of 
crystals which were identified as cassiterite (Figs. 2 and 3). <A few crystals 
of alkali silicates and cassiterite were found on the walls of the bomb, but most 
of the crystals were on the surface of the altered quartz. 

Experiments 6-14 and 20-22.—These were experiments designed to ob- 
tain crystals of cassiterite by the hydrolysis effect (equation (3)) increasing 
with increasing temperature. The charges contained soduim stannate and 
water, together with potassium hydroxide, sodium fluoride, and ammonia in 
many runs. It was found that as the concentration of alkali hydroxide is in- 
creased, the amount of tin oxide precipitated at the high temperature of the 
run decreased, but the crystals became larger and less colloform in appearance, 
though always in radiating groups on the walls of the bomb (Fig. 2). The 
crystals were identified as cassiterite (Fig. 3). Ammonia, even when present 
in large amounts, does not act as a strong alkali and does not restrict the hy- 
drolysis effect as do sodium and potassium hydroxides. It was found that 
the rate of attainment of equilibrium is very much faster when cassiterite is be- 
ing precipitated than when it is being dissolved. In the time taken to cool 
the bomb the cassiterite crystals were redissolved only slightly by the very 
strongly alkaline charges. The cassiterite crystals prepared in these experi- 
ments have a pale green fluorescence under electron bombardment, except those 
from Experiment 11, which included a small amount of tantalum. 

Experiments 15-17 and 19.—These experiments were designed to hydrolyse 
sodium stannate in the presence of sodium sulphide. It was found that where- 
as the cassiterite crystals from the nonsulphide runs were white, those from 
the sulphide runs were amber colored. No tin sulphide was crystallized. 
Crystals of pyrrhotite were found on the radiating groups of cassiterite in 
some of these runs. The cassiterite crystals prepared in these experiments are 
not perceptibly fluorescent under electron bombardment. 

Experiment 18.—This was a test of the action of a sodium stannate 
solution, containing potassium hydroxide and sodium fluoride, on crystalline 
limestone at an elevated temperature. Cassiterite crystals were seen on the 
altered limestone along with calcium hydrate and crystals of fluorite (CaF,). 
The cassiterite has a pale green fluorescence and the fluorite has a bright yellow 
fluorescence under electron bombardment. 
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Expriments 24-26.—These experiments were designed to determine if the 
following equilibrium goes to the right with increasing temperature and to the 
left with decreasing temperature : 


NasCOs; -L SnO, = NaeSnQOs3 + CC Jo. (5) 


(low temperature) (high temperature) 


Sodium carbonate was added to the solution of sodium stannate as the extra 
alkaline component instead of alkali hydroxide or sulphide. The reasoning 
was that if the above equilibrium shifts to the right with increasing tempera- 
ture, it should partially or wholly reverse the increasing hydrolysis of the al- 
kali stannate with increasing temperature. The results indicated that sodium 
carbonate has a rather low solubility in water at elevated temperatures, even 
when the degree of filling is made low enough for equation (5) above to go to 
the right due to loss of carbon dioxide into the gas phase. Minute radial 
aggregates of cassiterite crystals were formed, but these were on the bottom 
of the bomb along with crystals of sodium carbonate, and they may represent 
a recrystallized tin oxide precipitate formed early in the heating part of the 
cycle. If equation (5) above operates to change the effective alkalinity of 
sodium carbonate solutions, it shifts to the right inappreciably below 450° C. 
Mellor’s compilation of data (1922) indicates that sodium carbonate has a de- 
tectable CO, pressure only above about 650° C., after which it rises rapidly. 
The fine-grained crystalline cassiterite prepared in these experiments has a 
pale green fluorescence under electron bombardment. 

The results of the experiments indicate that stannic oxide is soluble in 
aqueous alkaline solutions from room temperature up to at least 450° C. The 
solubility decreases with rising temperature, but the rate of solution of crystal- 
line stannic oxide is very much slower than the rate of precipitation of stannic 
oxide. In other words, alkali stannate solutions may precipitate stannic oxide 
as the temperature rises, but this may remain for some time in contact with 
the solutions as the temperature falls. The form of stannic oxide which crys- 
tallizes from aqueous sodium and potassium stannate solutions from room tem- 
perature up to 450° C. is cassiterite (tetragonal). Cassiterite crystallizes 
from aqueous solutions of alkali stannate which also contain alkali silicates, 
sulphides, polysulphides, and carbonates. It is suggested that the brown color 
of natural cassiterite may be due to a solid solution of sulphur in oxygen posi- 
tions, since the synthetic cassiterite crystallized in solutions free from sulphide 
ion is white and fluorescent, but when crystallized in solutions containing the 
sulphide ion, is amber colored and not fluorescent. Cassiterite is stable in 


contact with solutions which are also in contact with crystals of magnetite: 


(Fe,O,), pyrrhotite (Fe:.S), fluorite (CaF,), and alkali, silicates, Am- 
monium hydroxide does not appear to have the properties of a strong alkali 
even at high temperatures. 

In aqueous alkaline solutions containing the sulphide ion, it is likely that 
tin is held in solution partly as the stannate ion and partly as the thio-stannate 
ion, with an equilibrium being established qualitatively as follows: 


SnS{- + 40H- = SnO{f- + 4HS-. (6) 
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In other words, it is likely that an increase in the sulphide ion concentration 
would increase the thio-stannate ion concentration at the expense of the stan- 
nate ion concentration, and an analogous decrease in the sulphide ion concen- 
tration would decrease the thio-stannate ion concentration. Since stannic sul- 
phide forms the complex thio-ion much more readily than the oxide forms the 
complex oxy-ion, it is possible to imagine a condition in nature where tin 
might be held in solution principally as the thio-ion, and where the sulphide ion 
concentration is gradually falling due to reaction with the wall rock. <A point 
might be reached where any further loss of the sulphide ion would precipitate 
stannic oxide. Reactions which would lower the sulphide ion concentration 
include: pyritization of iron-bearing minerals in the vein wall, reduction of 
minerals such as hematite, loss of hydrogen sulphide, and alunitization. A 
decrease of alkalinity also will lower the sulphide ion concentration, and wall- 
rock reactions such as albitization and sericitization would thus tend to pre- 
cipitate stannic oxide from the complex alkaline solutions. 

The size oi the crystals of cassiterite prepared in the above experiments was 
not large, but the time taken for their formation was short compared to the 
probable lengths of time taken for vein formation in nature. Taking the 
size of the synthetic cassiterite crystals to be of the order of 0.01 of an inch 
long, and the time taken to grow them of the order of 10 hours, and assuming 
a continuation of the process at the same rate, it would take 1 year to grow 
crystals 0.1 of an inch long, and 1,000 years to grow crystals 1 inch long. 

The experimental results and the deductions from them do not necessarily 
exclude the possibility that in nature tin might be transported to certain de- 
posits as the chloride or fluoride. All that we have shown is that cassiterite 
could be transported in another way, namely, in alkaline solutions. It may 
be that two distinct processes may be operative in tin transport: cassiterite 
might be precipitated from acid gaseous solutions under near-surface con- 
ditions, and from alkaline liquid solutions under deep-seated conditions. In 
any case the presence of minerals containing one or other of the halogens can- 
not by itself be taken to mean that the solutions which deposited them were 
strongly acid. 


CONCLUSIONS, 


1. Cassiterite is soluble in, and can be crystallized from, aqueous solutions 
of sodium and potassium stannate. 

2. The solubility of cassiterite in aqueous solutions decreases with de- 
creasing alkalinity of the solutions, both at room temperature and 450° C. 

3. The solubility of cassiterite in aqueous solutions of sodium and potas- 
sium stannate decreases from room temperature up to 450° C., when the de- 
gree of filling of the system by the solution is %4 at room temperature. 

4. The rate of crystallization of cassiterite from aqueous solutions of al- 
kali stannate to establish equilibrium is fast compared with the rate of solution 
of cassiterite in the same solutions to establish equilibrium. 

5. In nature, if tin is transported from magmas as alkali stannate dissolved 
in aqueous solutions, a decrease in the alkalinity of the solutions may pre- 
cipitate cassiterite. 
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6. In nature, if tin is transported from magmas as alkali thio-stannate dis- 
solved in aqueous solutions, a decrease in the alkalinity and a decrease in the 
sulphide ion concentration due to reaction with vein wall rocks would both 
favor the precipitation of cassiterite. 

7. Since the solubility of stannic sulphide is very much greater than that of 
stannic oxide in aqueous alkaline solutions, the former will tend to be deposited 
late in the sequence (e.g. as thio-stannate minerals) and the latter, early in 
the sequence (e.g. as cassiterite), but whether one or the other form of tin is 
deposited in nature will depend upon the temperature—pressure—composition 
changes as the solutions move away from the source. 

8. Minerals accidentally synthesized with cassiterite, and which are also 
stable in contact with hot aqueous solutions of sodium and potassium stannate, 
are: magnetite, pyrrhotite, and fluorite. 
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SOME PIPE DEPOSITS OF EASTERN AUSTRALIA. 
ROLAND BLANCHARD. 


PAGE 
PRRER IG, so sv w/o 8, 5.896 wn vate isefank u Madhate eeenor esp Snel Wia6s 4 wi Oia Beans as alias o-4/ Ret eran 265 
CI ee Tae Te ee ee fa ir ee ekatatateto tite 266 
Pale Toss Hy GRE oo 0555 So. ensc See pen leon aioe: Gx Use Seeamieees 267 
MUMMIES. «5.3% cs woincbie eae ial is Wrateie. cia) Zea tee mele Gio ares MINOR ee 274 
MNIIE ogous nrecwiy, ereainieee aesh Waive ala Sab a Seratale ss alate rg lawn ve ae eee en en ee 275 
PROMI AVL "WHOLE 0. hrreardcnsicie-p:5,0.0 9 Bais rehde awe es) be 9 Cal eens 277 
SROEMOL IONE: | «v0 o-4. no Neiecneliainvs baste w Wreisls Spann d nity OER eis Rees ake 280 
Significant Features Relating to Formation of the Molybdenite-Wolfram- 
Cassiterite-Bearine: PInes ti Granite: 6.6 .os0:sisiesic ck ods sweats san sae wers 285 
Pipe Deposits in Altered Sedimentary and Volcanic Rocks ................ 291 
Pipes of the Herberton-Watsonville Roof Pendants ..............0.00ce eee 293 
Uirer Unrate Casstterste Giebarmences) o as.< <6 ni9'65440 erslersia'sigalse nu baa ewan we 296 
OMONNE 6.5 a0 0c. wO SW Os, Reiearereealnne ©: bias Sate les Se Cais. l'sitine ove Site rae 296 
SNNOOE: CHIRON «6. vcisdic ins celia Mite mona atin ais hele rinersie el eisine ehpee ener a 298 
es ll EET re ee TERE ee ee 298 
Comments Upon Cassiterite and Ore Sulphide Precipitation Within Pipes 
OE We. Tvaded ROCKS: iro s wiscicce sv oseiea wetatp e's le-wie ieee s!eso own ab cea parece ae 299 
ABSTRACT. 
Pipe deposits of eastern Australia are grouped into two general 
classes: 1. Molybdenite-native bismuth, wolfram and cassiterite de- 
posits in granite, with associated sulphides of no economic value. 2. 
Copper and silver-lead-zinc sulphide deposits in altered sedimentaries 
and volcanics, often associated with cassiterite; the sulphides, or the 
cassiterite, or both, may prove economic. Pipes of Class 2 occur mostly 
in roof pendants or in rocks flanking closely the pipe-bearing granite. 
Neither class represents a major deposit from the world standpoint. 
Representative deposits of Class 1 are described in detail. They show 
the depositional sequence to be molybdenite-wolfram-cassiterite with 
progressive decrease in temperature. ‘This is contrary to the view gen- 
erally held prior to World War No. 2, but investigations during that 
period, added to certain previous ones, show the same depositional se- 
quence, with some irregularity for the molybdenite, for the world’s more 
| important tungsten deposits. A full explanation for reversal of the 
traditional cassiterite-wolfram-molybdenite sequence is not arrived at, 
but it is shown that in the deposition of the three minerals nature em- 
| ploys a broader range and greater flexibility of control than has been 
commonly acknowledged. 
| Only a limited number of the pipe deposits in the sedimentaries and 
volcanics are described, chiefly those showing cassiterite in untraditional 
relationship to the copper and silver-lead-zinc sulphides. Telescoping 
to emplace the cassiterite above the ore sulphides is not indicated by the 
field evidence, and although the factual data are less complete than for 
| the Class 1 deposits it is difficult not to conclude that hypogene cassiterite 
may be precipitated, quietly and normally, contemporaneously with sul- 
phides deposited within the upper reaches of the mesothermal zone. A 
more objective investigation of cassiterite-sulphide relationships than 
has been accorded them in the past seems warranted. 
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INTRODUCTION. 
PiPe deposits of eastern Australia are of two general classes : 


1. Pipes in granite that yield molybdenite, native bismuth, wolfram and 
cassiterite. In many cases the minerals occur in concentrations to justify 
stoping. Associated sulphides, which are present in varying amount, are 
not of economic importance. 

2. Pipes in altered sedimentaries or volcanics that yield copper and silver- 
lead-zine sulphides, often though not necessarily in association with cassiterite. 
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Fic. 1. Map of Australia, showing pipe localities discussed in this paper. 


Either the sulphides or the cassiterite, or both, may occur in concentrations to 
justify stoping. Molybdenite, native bismuth and wolfram are characteristi- 
cally absent. Many of these pipes occur in roof pendants or in rocks flanking 
closely the pipe-bearing granite. Others occur many miles from granite out- 
crops, in some cases in areas whose geologic structure fails to suggest a 
closely-underlying intrusive, though a batholith generally is indicated at some 
indefinite distance below. 

In pipes of both classes the ore minerals occur mainly in shoots disposed 
erratically through the pipes; uniformity of distribution throughout a pipe is 
exceptional. 
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Gold and silver are rare associates of the ore minerals in pipes of the 
granite. Silver, with gold more erratic, is a common associate of the sulphides 
in pipes of altered sedimentaries. 


PIPE DEPOSITS IN GRANITE. 


The pipe deposits in granite are of interest both because of their structural 
features and because they reveal the manner and sequence in which molybdenite, 
native bismuth, wolfram and cassiterite have been desposited in this portion of 
the earth’s crust. 

The pipes occur mainly within the granite batholithic masses that out- 
crop persistently along the eastern coast of Australia over a width of 100 to 300 
miles, and which constitute variably, over any appreciable area, from one- 
third to two-thirds of the surface rock exposures at such place. With.few ex- 
ceptions—such as where deeply-projecting roof pendants are involved—the 
pipes occur close to the contact of the granite with the invaded rock, mostly 
within a few hundred feet and rarely more than one-fourth mile from it, with 
their general inclination paralleling the dip of the contact without regard to 
whether the dip is steep or flat. They occur mostly on terrace-like structures 
or gentle domes along the flanks of the intruding granite, where the mineraliz- 
ing agents appear to have been trapped within the chilled margins of the gran- 
ite, beneath a generally impermeable roof. The condition is illustrated in 
Fig. 2. In age the granite of the various batholithic masses ranges from late 
Devonian to late or possibly post-Permo-Carboniferous. 

In shape the pipes range from almost perfect cylinders to irregular, elon- 
gated bulky masses whose lengths exceed their widths by from one and one- 
half to five or six times, with frequent staghorn projections. Their attitude 
may be vertical or inclined. Uniformity of shape or consistency of bearing 
through more than half the pipe’s length is exceptional. Even pipes whose 
over-all shape is tubular, generally yield at various points along their course 
to contorted knot-like masses whose diameters expand or contract markedly 
over short distances. Most pipes follow some general trend but may change 
abruptly. 

The tubular pipes vary in diameter from 2 to more than 60 feet, and in 
length from 10 to more than 600 feet. The elongated bulky masses embrace all 
patterns, ranging from shapes that approach the elliptical to flat masses of 
quartz with over-all dimensions of 40 to 60 feet wide, 5 to 15 feet thick, and up 
to 140 feet inclined length, exclusive of the staghorn projections and other ex- 
crescences. In no instance, however, do they assume vein form. 

The granite in which the pipes occur varies greatly in texture, ranging 
from near-porphyritic, through medium grained, to coarse grained types 
whose feldspar crystals measure more than an inch across. Pegmatite may 
be present, but, only occasional pipes merge into it, even though the pegmatite 
dikes may occur prolifically in the area. 

In composition the granite likewise is variable, with SiO, content ranging 
from less than 70 to more than 85 per cent. In general, the granite that 
displays the most.homogeneous texture, coarsest grain, and lowest SiO, con- 
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tent, occurs in the areas of the molybdenite-native bismuth pipes. Granite 
that generally lacks a homogeneous texture, and contains numerous fine 
grained and aplitic or other siliceous segregations, which exhibit exceptionally 
high SiO, content, occurs in areas that yield the cassiterite pipes. Pipes 
yielding wolfram as the dominant ore mineral occur mostly in granite whose 
texture and composition is intermediate between those two extremes. In 
nearly every district, however, nearby granite exists at either higher or lower 
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Fic. 2. Typical section through the Wolfram, Queensland mineral field, show- 


ing the wolfram-molybdenite-native bismuth-bearing quartz pipes in granite 
localized near contact of the granite with a former overlying, largely impermeable 
cover rock. Adapted from Queensland Govt. Min. Jour., May, 1944. 


elevation, and either more siliceous or less siliceous in composition as the case 
may be, than that in which the pipes themsélves occur. 

Mica and chlorite are present in varying degree. In all cases feldspar 
within pipe boundaries is altered extensively to mica, forming greisen, but the 
mica content may be capricious in amount and distribution. It, in turn, is 
replaced in large part by silica that becomes more or less continuous with 
quartz grains indigenous to the granite. The granular quartz-mica product 
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thereupon becomes replaced gradually by massive brittle quartz or other pipe 
material. The brittle quartz commonly is concentrated at the core, as if it 
were anchored there in the granite (3),’ corroding its way with varying in- 
tensity into the country rock at right angles to the pipe’s long axis, interlock- 
ing with the crystals and grains of the enclosing granite to produce usually 
though not invariably a “frozen” contact. 

The pipes in general constitute compact units. Unreplaced greisen may 
extend beyond a given pipe as a rapidly fading irregular aureolé, as well de- 
fined projecting fingers 15 to 20 feet long following joints or fracture planes, 
or, in rare instances, as more or less continuous belts or zones. In a few in- 
stances belts of greisen extend between pipes, and have carried sufficient 
disseminated ore minerals to justify stoping.?. Such ocurrences are restricted 
to granite exposures from which erosion merely has “skimmed off” the cover, 
testifying to contacts being especially favorable to formation of the greisen 
belts. 

Among the types of pipes here discussed, greisen is least abundant beyond 
boundaries of the molybdenite-native bismuth pipes, generally prominent in 
the granite which surrounds pipes of the dominantly wolfram type, on the 
whole prolific in granite surrounding the cassiterite pipes; but the rule is not 
inviolable as applied to any particular pipe or group of pipes. 

Like greisen, chlorite is sparse or absent in areas of the molybdenite-native 
bismuth pipes, and in general is lean and patchy in areas of the wolfram- 
bearing pipes. But in the cassiterite areas it is a conspicuous, almost in- 
variable, and often profuse gangue mineral, closely intergrown with the quartz 
of the pipes. It persists in varying and lesser degree into the granite far be- 
yond pipe boundaries, and in the cassiterite areas, especially, may spread for 
miles at the surface as belts of chloritization into adjoining slate, schist, 
quartzite or volcanic tuff. 

The pipes themselves fall into three main classes (3): A. The quartz 
type, in which replacement by the massive brittle quartz is extensive, generally 
complete at the core. In most pipes the intensity of replacement decreases 
radially outward from the core, but in some instances it persists undiminished 
to the periphery. This is the dominant type of pipe, and is almost exclusive 
in some districts. B. The granite type, in which much of both the feldspar 
and the mica is replaced by granular quartz, but the latter’s replacement by 
massive brittle quartz is patchy and limited in extent, with small residual nests 
of white mica. Because of the limited and irregular replacement by the mas- 
sive brittle quartz the granite throughout these pipes commonly has a sandy 
texture. C. The garnet type (found only in the molybdenite-native bismuth 
pipes and not common) in which the mica is replaced by garnet with or with- 
out admixed granular quartz—with the garnet in turn replaced unevenly, again 
outward from the core, by the brittle quartz. The garnet may be massive or 
crystalline, and is highly irregular; locally it may occur as small scattered 

1 Figures in parentheses refer to Bibliography at end of paper. 

2 The more prolifically developed, persistent belts of greisen occur mostly apart from the pipe 


deposits, up to several miles distant. Not uncommonly distinct quartz veins emerge from them, 
carrying small rich bunches of ore minerals in a gangue that on the whole is barren. 
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kernels, at other places it may comprise masses of solid garnet many tons in 
weight,® occasionally it forms an unreplaced ring or collar, up to 1 foot or more 
thick, around the brittle quartz core. 

The massive brittle quartz of the pipes is mostly white in the molybdenite- 
native bismuth areas, often characteristically though not exclusively bluish to 
glassy in the wolfram areas, and mostly white in the cassiterite areas. 

A notable feature of pipes found in the granite is complete absence of the 
breccia “columns,” with angular, corroded rock fragments cemented into 
pipe-like masses by introduced gangue and ore minerals, which have been re- 
ported so frequently from other parts of the world. Most of the Australian 
pipes are so compactly cored by the brittle quartz and the ore minerals are so 
interlocked with the quartz, as to leave little doubt about the formation of 
both pipe and oreshoot under conditions of moderately high pressure. 

Furthermore, many of the pipes are not localized along visible fractures 
or fracture intersections, and they bear no necessary relationship even to 
the master-joints within the granite. That applies especially to pipes of the 
molybdenite-native bismuth class. In few if any of them can fractures or 
fissures be detected in the granite beyond pipe boundaries, and Andrews (3) 
has pointed out that the master-joints in the granite appear almost invariably 
to have been developed subsequent to the formation of the molybdenite-native 
bismuth pipes. General parallelism in dip of the pipes to that of the intrusive 
contact, and their common and, in places, abrupt change in direction of plunge 
within short distances, suggests incipient planes or zones of weakness within 
the granite that guided the pipes in their course, and which subsequently ex- 
pressed themselves as joint planes and fractures; but only rarely can specific 
tension cracks be identified beyond pipe boundaries. 

In the dominantly wolfram-bearing areas similarly “orphaned” pipes are 
known, but in general pipes of such areas are localized along well defined joint 
planes or fractures. 

In the cassiterite-bearing areas, pipes are localized characteristically along 
clearly defined fracture intersections or zones of sheeted fracturing—com- 
monly where such intersections or zones assume complex and unsymmetrical 
patterns. 

The respective environments are reflected in the shape of the pipes. In 
the molybdenite-native bismuth areas the pipes, although often distorted, main- 
stain in general the tubular form. In the wolfram areas they follow that form 
in a broad way, but are more contorted, may even be roughly rectangular, and 
in many cases a given pipe spreads out into connected or disconnected segments 
along prominent joint planes (Fig. 5).° In the cassiterite areas the pipes, 

3 Where long-continued oxidation has taken place, and where the garnet consists mainly of 
spessartite, as at Whipstick, New South Wales (partial analysis of the garnet at that place (45): 
SiO,, 32.55%; Al,O,, 14.96%; FeO, 15.36%; MnO, 24.37%, the pipes in some cases are 
capped by a massive hydrous manganese dioxide gossan, so concentrated as almost to constitute 
manganese ore. At Whipstick molybdic and bismuth ocher are scattered through it. The sul- 
phide minerals do not appear until the base of the oxidation is reached at 15- to 40-foot depth. 

‘ More especially where mesothermal or epithermal deposits are involved. 

5 In a few instances, as with several of the pipes at Rocky River (New South Wales), the 
molybdenite-native bismuth pipes grade upward into somewhat flattened masses or bulges of 


quartz, and at Kingsgate (New South Wales) occasional flattened pipe sections occur under- 
ground. But these are not characteristic features, as they are in the wolfram areas. 
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bearing quartz pipes of Kingsgate, New South Wales, to the granite-slate contact. 
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with few exceptions, diverge markedly from the cylindrical form, the quartz 
commonly spreads in bulky masses with staghorn and other irregular, often 
major, projections, and freakish contortions of both the pipes, and of the 
shoots of ore within them, are characteristic (Figs. 9, 10). 

Vugs within the massive quartz cores are abundant in some districts. 
They occupy no fixed positions in the pipes and may be roughly cylindrical or 
flat. Many are not more than a few inches in maximum dimension, but they 
occur in all sizes up to 20 feet in length and several feet across. An exceptional 
one (Enterprise mine, Wolfram, Queensland) had reported maximum dimen- 
sions of 20 x 30 feet x 70 feet long (36). It was partly cleaned out and used 
as a water storage reservoir during mining operations. The vugs are mostly 
lined with quartz crystals that range in size from tiny ones to crystals weighing 
350 pounds, well formed, with closed pyramids at both ends. Although the 
largest reported vug occurs in a wolfram area, the vugs are most abundant in 
the molybdenite-native bismuth areas where most of the pipes were formed 
prior to distinct joint-plane development in the granite. Vugs are virtually 
absent in pipes of the cassiterite areas. 

Irrespective of the metal involved, the ore may be distributed uniformly, 
or as sporadic shoots, through the pipe. Likewise it may occur at the top, 
bottom, or at some random point between. Uniform distribution is rare ; 
loosely-joined or wholly disconnected shoots erratically disposed, containing 
from several hundred pounds to 6 or 8 tons of one or more of the metallic ore 
minerals, are most common. A 10-ton shoot is considered large, though in 
some instances individual shoots have yielded many hundreds of tons. In 
most cases substantial lengths of barren quartz, relative to size of the pipes, 
and occupying in the aggregate from one-tenth to one-fourth or more of the 
pipe’s volume, exist between shoots. 

Ore mineral content within a given shoot varies from 1 to 20 per cent, in 
rare instances attains 50 per cent. High grade ore is not necessarily sur- 
rounded by low grade, and boundaries of the shoots within a pipe often are 
sharp. A large pipe need not mean a large tonnage of ore, though generally 
size is looked upon as favorable. 

In a typical molybdenite-native bismuth pipe the bismuth, in grains or in 
massive crystalline form, commonly occupies the “gutter” or footwall portion. 
Its occurrence has been likened by Andrews (3) to water running down an 
inclined tube, the portion occupied by the running water representing the bis- 
muth. Its thickness may be 1 foot. Above the gutter, if vugs are present, 
they may be lined with both bismuth and molybdenite. Bismuth rarely oc- 
cupies the upper or hangingwall portion of the pipe, but molybdenite may occur 
in any part. It is abundant above the bismuth, and generally more abundant 
near the periphery than at the core. A few pipes have been observed in which 
molybdenite constitutes the sole metallic mineral, but generally molybdenite 
and native bismuth are associated in ratios varying from 10:1 to 1:1. Wolf- 
ram or scheelite, if present, occurs in very subordinate amount. Cassiterite, 
if it occurs at all in the district, usually does so in distant quartz veins rather 
than in the area of pipe formation. 
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In a typical wolfram-bearing pipe the wolfram nearly always is closely inter- 
locked with the quartz, and many of the crystals or bunches are coarse—from 
one to several inches across. It may be the sole ore mineral, but generally ac- 
companies lesser amounts of associated molybdenite and native bismuth. The 
bismuth generally is erratic; it shows some preference for the “gutters,” but 
less so than in the molybdenite-native bismuth pipes. On the whole it is more 
intergrown with the wolfram than with the molybdenite, but in places is inter- 
foliated with the latter, and both it and the molybdenite may occur as separate 
interstitial growths with, or occasionally filling tiny fissures in, the quartz. 
Distribution of the three minerals within a pipe likewise follows no rule. In 
one pipe almost exclusive wolfram or wolfram-bismuth may occur generally 
through the quartz over a vertical range of 5 to 7 feet and yield in a few feet to 
dominant molybdenite, then resume. In another pipe either or both the wolf- 
ram and molybdenite, together with whatever native bismuth is present, may be 
concentrated mainly along the footwall. In still another the molybdenite may 
be distributed mostly around the periphery of the wolfram-bismuth shoot, and 
locally extend as small flakes and disseminations out into the projecting fingers 
of greisen, with small pockets of rich ore occurring where clay gouges pass 
down through flatly-jointed greisen (4). Most commonly all of the minerals 
occur so intermixed as to preclude clean mining of any of them. Any of the 
shoots of ore, as described, is likely to be succeeded in the pipe by blank quartz 
several times the length of the shoot. Wolfram generally predominates over 
combined molybdenite and native bismuth in the ratios of 12:1 to 4:1, 
and native bismuth is less abundant relative to molybdenite than in the molyb- 
denite-native bismuth pipes. Individual pipes are known, however, in which 
molybdenite exceeds wolfram. 

In the cassiterite-bearing pipes, wolfram may be present sparingly in some 
instances ; molybdenite and native bismuth rarely occur. The cassiterite, gen- 
erally as the sole ore mineral, is closely intergrown with the quartz or quartz- 
chlorite gangue, and seldom persists importantly as ore out into the surround- 
ing projections of greisen. Rarely a pipe may be ore-bearing throughout, and 
the position of the shoots within a given pipe usually is even less predictable 
than with the molybdenite-native bismuth or wolfram types; except where the 
pipes are small the ore characteristically terminates abruptly against even 
minor shears or fracture planes, and has a notorious history for “jumping 
about” without leaving a clue. 

The molybdenite, wolfram and cassiterite all occur in sizes ranging from 
microscopic particles upward, but maximum size appears related to tempera- 
ture of deposition. Molybdenite, for example, has been found as a solid sul- 
phide mass more than a ton in weight, and single masses up to several hundred 
pounds in weight have not been uncommon. The largest recorded single mass 
of wolfram weighed 800 pounds; masses exceeding 100 pounds have been 
rare. Cassiterite, despite the occasional bonanzas of rich ore encountered, 
seldom has been found in individual masses much exceeding the size of a man’s 
hand. 

Among associated sulphides are arsenopyrite, pyrite, pyrrhotite, chalcopy- 
rite, tetrahedrite, sphalerite, galena and bismuthinite. All may be observed in 
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a given pipe area irrespective of whether the area yields molybdenite-native 
bismuth, wolfram or cassiterite as the dominant or exclusive ore mineral, but 
their content often is insignificant. It is lowest, on the average, in the molyb- 
denite-native bismuth ore pipes, where arsenopyrite is likely to predominate. 
It is highest in the cassiterite ore pipes, where pyrite dominates and constitutes 
the only readily detectable sulphide. Sphalerite, galena and chalcopyrite gen- 
erally are most conspicuous in the wolfram ore pipes, but rarely exceed two or 
three per cent of the ore. Where vugs exist, the associated sulphides may be 
more abundant within the vugs than outside them. 

Non-sulphide hypogene associates are chlorite, fluorite, tourmaline, topaz, 
monazite, specularite, actinolite, scheelite, calcite, siderite. Except for chlorite, 
fluorite and tourmaline, which occur mainly in cassiterite areas, all are sparse. 
In the molybdenite areas chlorite, and particularly fluorite and tourmaline, may 
be wholy absent, both in the vicinity of the pipes and elsewhere. 

Although many pipe deposits in granite are known in eastern Australia, 
descriptions here are confined to the molybdenite-native bismuth pipes of 
Kingsgate (New South Wales), the molybdenite pipe of Wonbah (Queens- 
land), the dominantly wolfram-bearing pipes of Bamford and Wolfram 
(Queensland), and the cassiterite-bearing pipes of Herberton (Queensland). 
Each is representative of its respective ore group, and constitutes the major 
known deposit thereof. In all cases the pipes described belong to the brittle 
quartz class. 

Kingsgate-—The Kingsgate pipes extend over a length of 114 miles and 
width of 4% mile adjoining a 20° to 30° east-dipping claystone-slate contact 
(Fig. 3). The sediments probably are of Permo-Carboniferous age. 70 pipes 
are known, of which at least 54 have been productive. They vary in length 
from 50 to more than 500 feet and in cross section from 3 to 60 feet. Their 
common diameter is from 8 to 25 feet, which is rarely maintained for a length 
of more than a 50 to 100 feet. (Fig. 3). Dips range from 20° to 45°; some 
are vertical. Their peripheries characteristically are of the “frozen” type. 
Only a few have been worked beyond 250-feet incline depth. 

Originally the pipes were mined for their bismuth content (bismuth dis- 
covered 1877), the molybdenite being regarded as an impurity. Subsequently 
they were exploited for their molybdenite (1901 and thereafter). They have 
yielded slightly more than 350 tons * of MoS, (90 + %) concentrate, or ap- 
proximately one-eighth of the Australian production to date. Nearly 65 
per cent of the molybdenite was produced prior to, and approximately 20 per 
cent during, World War No. 1. The yield of bismuth is estimated at slightly 
less than 200 tons, or approximately one-fifth of the Australian production to 
date. 


6 An additional 23 pipes occur in the granite in the Comstock-Pretty Valley area 2 miles 
SSW of the Kingsgate field’s southern end. 

7 In this paper stated tons are long tons. 

Throughout the paper the yield of gold and silver is stated in terms of fine metal. Monetary 
values, where stated, are in London sterling. Since most of the production came before 1931, 
its value in terms of New York dollars may be approximated closely by multiplying the value in 
pounds sterling by 4.86. 
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Most of the pipes carried gold and silver. The precious metals accom- 
panied the native bismuth rather than the arsenopyrite, and varied roughly 
with the bismuth content of the ore. For example, low grade bismuth ore 
might yield 5 dwt. Au and 3 oz. Ag per ton; essentially pure bismuth, up to 5 
oz. Au and 60 oz. Ag per ton (3). 

Some of the smaller pipes appear to have been bottomed. In others the 
ore has not been exhausted, but work ceased because the pipe’s tortuous course 
(Fig. 3), or even its more gentle irregularities, introduced difficulties in serv- 
icing, hoisting and ventilation beyond the capacity of the individual operators 
to surmount as depth was gained. Recent output has centered largely about 
production of piezo-electric quartz crystal. The district constitutes Australia’s 
most important source of that product. 

W onbah.—The Wonbah pipe is of special interest because of its large size, 
emphatic and persistent tubular form, generally smooth, sharp walls, uniformity 
of its molybdenite distribution, and lack of associated native bismuth. It is 
the only ore-bearing pipe known in its vicinity. 

The pipe pitches 70 to 75° NE, and is roughly circular in cross section, 
with the diameter expanding slowly in depth. This is shown by the following 
cross-sectional measurements : 


Diameter of Wonbah 
Pipe in Feet 


Rar br ee, FR ee eer ee NR 40 
No. 1 level— 74-foot depth.............cc.cceeeveees 48 
Boo. 2 wel TEGO GRIER sek oc cn cess cee eeocccescae cae 
BNO: 3 LGC B STOOGES UE. on oc cect eibecwecewedcete 66 


Contact of the brittle massive quartz with the granite everywhere is sharp 
and smooth, reminiscent of a cylinder within its cylinder head, except for the 
portion on No. 3 level where the granite makes a 10-foot embayment into the 
pipe from the west (Fig. 4). This is the only “frozen” contact. The sharply- 
defined walls with smooth or slickensided surfaces are attributed to contraction 
of the pipe during cooling. In this respect the Wonbah pipe contrasts with 
those at Kingsgate, and with others of the molybdenite-native bismuth ore 
pipes of eastern Australia, whose persistently “frozen” contacts point to pipe 
and the surrounding granite having been more nearly alike in temperature 
during the pipe’s congealment. 

Most of the molybdenite is concentrated within the outer 10-foot portion 
of the pipe, with the richest ore at the periphery (42). Stoping has been con- 
fined to the outer 10-foot portion, which has been largely extracted above No. 3 
level. 

Molybdenite is the only ore mineral thus far disclosed. It occurs mainly 
in large flakes, in occasional bunches up to 1 foot across, and as short thin 
veins, with segregations of calcite in the quartz. Disseminated flakes, rare 
or absent at most places, are common along the west edge of the pipe. Al- 
though ore has been stoped generally around the full circumference, a tend- 
ency exists for somewhat higher molybdenite content to be present on the south 
and east sides, or away from the area carrying most of the disseminations (42). 
Grade of the ore—averaging 0.66 per cent MoS, for all ore milled to date— 
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shows no obvious diminution to No. 3 level. A winze has been sunk to 100 
feet in depth below No. 3 level near the edge of the pipe, but no development 
has been carried out from it. Throughout the winze the character of the 
mineralization was maintained. 

Decrease in molybdenite content inward from the periphery has discouraged 
testing of the core, and at no place except in the shallow opencut has the pipe 
been cut through. In development performed to date no cavities lined with 
large quartz crystals have been detected. 

Most of the output occurred 1917-1920, when 9,591 tons was milled for an 
output of 6314 tons MoS, concentrate (about 2.25 per cent of Australia’s pro- 
duction). An untreated ore reserve of between 3,500 and 4,000 tons remains 
underground above No. 3 level, and on the dump (42). 

Small size of the deposit, coupled with its average low grade, have affected 
adversely several attempts to reopen the mine and develop it at greater depth. 

Bamford and Wolfram.—Bamford and Wolfram are situated 18 miles 
apart in an air line. At Bamford 69 pipes have been productive ; at Wolfram, 
more than 250. The pipes at Bamford occur within an area, adjoining the 
contact, 2 x 14 miles in extent; those at Wolfram, in an area 2 X * miles in 
extent. 

At Bamford the invaded rock comprises massive porphyritic lava and tuff, 
remarkably free from jointing, and forming what probably was a nearly im- 
pervious cover to the granite (- ). At Wolfram both slate and porphyry are 
present; the former predominztes and generally formed the roof over the 
granite, but locally is cut into by the porphyry, usually with steep contact. 
The invaded rocks are middle or late Paleozoic. 

Contact of the invaded rocks and granite at both places dips at 45 to 50 
degrees, southeasterly at Bamford, northerly at Wolfram.’ In general the 
pipes dip with the contacts. Most of the pipes do not exceed 5 or 6 feet in 
diameter, but some are large, up to 30 X 45 feet in cross section. Individual 
pipes have been followed nearly 600 feet; 50 to 300 feet are more common 
lengths explored. 

At Bamford there are a few “orphaned” pipes—without arterial fractures 
leading to or from them but at Wolfram no such pipes have been observed. 
In general the pipes of both districts, guided largely by both steep and flat 
fracture or joint planes in the granite, are more deformed in shape than are 
those at Kingsgate. They commonly spread beneath or against thin gouge | 
seams along joint planes, and characteristically experience numerous and 
abrupt alterations of course. 

Pipes “frozen” solidly to the granite walls all around, as at Kingsgate, are | 

} 
| 











common at both Bamford and Wolfram, but a strong tendency exists for de- 
velopment of “heads” or slickensides at least somewhere along the walls, par- 
ticularly where a wall coincides with a joint or fracture plane. 

At Bamford greisen usually extends only as projecting fingers along joint 
planes into the granite. At Wolfram the greisen is more widely developed, 
especially where the pipes lie close to the contact. At one place (Larkin mine) 


8As at Kingsgate, the contacts with granite exhibit no contact-metamorphism, but at 
Wolfram such effects were developed strongly by the porphyry at local points along the siate- 
porphyry contact. 
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wolfram-bearing greisen bridged the gap between two pipes, and permitted 
bulk-mining of the whole mass over a length of approximately 175 feet (36). 

The Bamford occurrences, although belonging strictly to the wolfram type 
of ore pipe, appear to be intermediate in character of formation between those 
at Kingsgate and Wolfram. 
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| Fic. 4. Composite plan and cross section through Wonbah molybdenite-bearing 
quartz pipe in granite, Queensland. Queensland Govt. Min. Jour., October, 1943. 
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lic. 5. A, B: Map showing general relations of the wolfram-molybdenite 
native bismuth-bearing quartz pipes of Bamford, Queensland, to the granite 
porphyry contact. Adapted from Queensland Geol. Survey Pub. No. 248. C, D, 
I: Cross sections through typical pipes 
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A point of interest is that vugs in both districts generally increase with 
depth of the pipes, and so do the associated sulphides. The deposits thus 
commonly exhibit the unique phenomenon of pyrite, chalcopyrite, sphalerite, 
galena and bismuthinite increasing with depth while the wolfram, molybdenite 
and native bismuth at best merely hold their own, and in some instances de- 
crease. 

The districts were discovered 1893-1894. In round figures their output 
has been as shown'in Table 1. The two districts account for approximately 
28 per cent of the wolfram, and nearly 23 per cent of the total tungsten, pro- 
duced in Australia to end of 1945; and for approximately 70 per cent of the 
wolfram-bismuth concentrate, 47 per cent of the molybdenite, and 10 per cent 
of the bismuth output. Most of the wolfram-bismuth concentrate was pro- 
duced during World War No. 1. Its grade is not now ascertainable. Total 
value of all products exceeds £1,130,000." 


TABLE 1. 


OvuTPUT OF THE BAMFORD AND WOLFRAM DISTRICTS, QUEENSLAND, TO END oF 1945. 








rat . Wolfram-Bismuth Molybdenite 
warm noe | Concentrates, Concentrates Bismuth, Tons 
o . Tons (90 + %), Tons 
AMIE os oieve nme ceas 1,879 | 100 165 20 
Wolfram. .... Sia ie 4,964 1,302 1,207 77 
oom — —E — — —————Eee _ — | a 
6,843 | 1,402 | 1,372 97 








More than 85 per cent of the wolfram, 75 per cent of the bismuth, 50 per 
cent of the molybdenite, and 25 per cent of the wolfram-bismuth concentrate 
had been produced to end of 1912. In that year the Irvinebank Mining Com- 
pany, which had been exploiting many of the tin, tungsten, and related de- 
posits of northeastern Queensland, and had operated a concentrator at Wolf- 
ram for treating the ores from Wolfram, Bamford and other smaller contiguous 
districts, withdrew from the field. Higher metal prices during World War 
No. 1 stimulated fresh production, especially of molybdenite, and during 
World War No. 2, of wolfram; but neither place again approached its former 
activity, and peacetime output since 1912 has been on a gouger basis. 

At Bamford erosion has cut down locally into the pipe area sufficiently to 
expose at the surface several pipes in various stages of denudation down to 
perhaps 400-foot depth below the former overlying porphyry-granite contact. 
At the lower depths the pipes have pinched to mere stringers and are barren 
of ore. The exposures are not sufficient to assure that they are wholly repre- 
sentative, and it remains a question whether both there and at Wolfram the 
restricted production from below depths of 300 feet for the underground pipes 
is due to fraying out of the mineralization, or whether, as at Kingsgate, diffi- 
culties in servicing, hoisting the ore, and providing ventilation for such ir- 
regularly-shaped small workings have discouraged deeper prospecting. 

Herberton.—Herberton differs from the other pipe areas described in that 
the former sedimentary or volcanic cover over the granite, as reconstructed 
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Fic. 7. Plans and cross sections showing in more detail characteristic oc- 
currences of the wolfram-molybdenite-native bismuth-bearing quartz pipes of the 
Wolfram, Queensland district, and their relation to the granite-slate contact. 
From Queensland Govt. Min. Jour., May, 1944. 

















282 ROLAND BLANCHARD. 


from existing erosion surfaces, was not consistently a flat or gently undulating 
one. The main contact with the invaded rocks today lies 6 to 9 miles westerly 
to southwesterly from Herberton. But in the vicinity of Herberton, and of 
Watsonville 6 miles to the west, occur a number of roof pendants, mainly 
chloritized quartzite or sandstone up to several miles in maximum dimensions. 
They project a thousand feet or more down into the granite, which in turn rises 
to form various of the higher hills around them. A few remnants of rhyolite 
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Fic. 8. Map showing principal loci of cassiterite-bearing quartz pipes in the 
granite and roof pendants of the Herberton-Watsonville area, Queensland. 
Adapted from Aer. Geol. and Geoph. Surv. of Northern Aust. Annual Report 1938. 


overlie portions of the roof pendants, and it or related volcanics occur as cap- 
ping rock elsewhere, especially south of the area described. But uncertainty 
exists as to whether all of the rhyolite is pre-ore, and the specific nature of the 
cover rock at time of the mineralization is undetermined. As exposed by pres 
ent erosion, the region in vicinity of Herberton and Watsonville presents a 
broad expanse of irregularly dissected granite, containing a number of roof 
pendants deeply submerged within it—like icebergs floating in a highly turbu- 
all relics of a rhyolite flow capping the roof pendants at 
isolated points. Fig. 8 shows the condition. 
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Alluvial tin was discovered in the district in 1879, lode tin in 1880. During 
the days of flush production more than 100 pipes in granite were worked for 
their tin content. More than 60 pipes in the roof pendants have been worked 
for their tin and/or sulphide ore content. Recorded output from the combined 
Herberton-Watsonville area is shown in Table 2. Cassiterite is the only 
known tin mineral at either place. In recent years activity has been at a low 
ebb.® 


TABLE 2. 


PRODUCTION FROM HERBERTON-WATSONVILLE AREA, QUEENSLAND, TO END oF 1945, 


Tons Tin 
Tons Ore Tons Tin (assuming — Recovered 
Treated Concentrate 70% Sn con- Tons Copper Yield Per Ton 
centrate) 








Pipes in granite hill east 
of Herberton...... 92,634 11,590 8,113 8.9% Sn 
Other pipes, mainly but 
not wholly those in 








roof pendants.... 72,930 8,444 5,910.5 8.0% Sn 
PES 540i 6 o0ra'6eae me 3,064 2,145 
23,098 16,168.5 
Pipes in roof pendants 86,814 6,545.5 7.5% Cu 
Oz. Silver Tons Lead Tons Zinc 
Pipes in roof pendants. .| 160 3,297 20.6 oz. Ag 
25 15.6% Pb 


39 * 24.4% Zn* 

















* Content shown in analysis; not recovered. 


Although productive pipes occur both in the granite and in the roof pen- 
dants, for the present only those in the granite are described, so as to permit 
direct comparison with the pipes at Kingsgate, Bamford and Wolfram. 

Principal locus of the pipes in the granite is a 420-acre rectangular area oc- 
cupying one of the district’s lesser hills directly east of Herberton (Fig. 8), 
approximately a mile at its nearest point from a roof pendant. 

Within the 420-acre area, greisenization is more extensive than at Bam- 
ford or Wolfram, though not necessarily as highly concentrated as it is locally 
along the contacts at the latter place. It is guided by preore fissuring and 
faulting of bewildering complexity, and occurs as zones or projections of al- 
teration in eccentric patterns formed by the intersections of joint planes, fis- 
sures, faults and shears. It is especially well developed where crushing of the 
granite has taken place. Chloritization, guided by the same system of frac- 
tures, is even more widespread and often more prolifically developed than is 

® Because of certain lack of returns during the early days the record is incomplete. The 
figures are official except for the silver-lead-zinc ore; the latter were supplied to the author by 
owners of the more productive silver-lead-zine pipes. Most of the tin not credited to alluvial 
and to the 420-acre hill east of Herberton came from the roof pendants, mainly those near 
Watsonville. With the early unrecorded production included, total yield for the Herberton- 


Watsonville area probably would approximate 25,000 tons tin oxide concentrate, or 17,500 
tons tin. 
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the greisen. Variable and often abundant development of tourmaline and 
fluorite characterizes most of the pipes. Pyrite almost invariably is present 
as an associate of the cassiterite, and generally is prominent. Pegmatites in 
the vicinity of the pipes are rare, but aplite and quartz porphyry dikes up to 
50 feet wide are conspicuous at a number of places. 





INDICATOR” 

















Fic. 9. Block diagram, showing typical occurrence of cassiterite-bearing 
quartz pipes in the granite at Herberton, Queensland, localized at intersection of a 
steeply-trending N-S “indicator” and more flatly-dipping “floors” or gouge seams. 
Often repetition of pipes in depth occurs not along the same but along successive 
“indicators” to the east or west, thus adding greatly to the complexities of finding 
the ore. 


Emerging at numerous places from the complex fracture pattern is a well 
defined N-S to N 15° E control, or series of closely spaced fractures with steep 
to vertical dip (referred to in the district as “indicators” ), which has served to 
localize many of the pipes (1). The more cylindrical pipes rarely exceed 15 
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to 25 feet in diameter and 30 to 50 feet in depth; the elongated and flatter 
ones, 20 to 40 feet wide, 6 to 10 feet thick, and similarly 30 to 50 feet in depth. 
Their long dimensions thus in general are less than those of the pipes at 
Kingsgate, Bamford and Wolfram and both cylindrical and rectangular shapes 
are less common; contorted and weirdly projecting hulks of quartz more ac- 
curately describes many of them. Occasional pipes however are larger in all 
dimensions more regular in outline and more persistent than the average. 
Various ones approach 100 feet in depth and at the Great Northern and Corn- 
ishman properties (Fig. 8) even those depths have been exceeded. At the 
Cornishman for example the high grade shoots along a single pipe had no sus- 
tained interruption until the final depth at 350 feet was reached. 

One reason for small size of many of the pipes is that commonly they ter- 
minate downward less often upward against an irregular succession of flat 
“floors” or gouge seams with dips up to 45 degrees. Some sparse, patchy, fine 
grained cassiterite, intergrown with abundant chlorite, known locally as “slime 
tin,” persists downward along a “floor,” and leads to another pipe beneath. 
A series of such stepped-down pipes, but with no regularity in distances be- 
tween, may persist through several hundred feet vertical depth. At some of 
the mines a rude guide thus exists, both horizontally and vertically, in pros- 
pecting from one pipe to another ; but attempts to standardize the guides have 
met with failure, and the pattern of one mine rarely is applicable to another. 

Vertical persistence of the ore in any given mine, through a succession of 
more or less disconnected pipes, ranges from 100 to 700 feet. Persistence of 
the richer oreshoots, vertically, similarly varies from 70 to 400 feet. Top or 
bottom of the rich shoots bears no recognized relation to the present topog- 
raphy or sea level, as is shown by the fact that the rich Canberra and Wild 
Irishman shoots, with depths for the richer portions of 230 and 250 feet re- 
spectively, lie some hundreds of feet higher up the hill than do the outcrops of 
the district’s premier producer, the Great Northern (Fig. 8), whose rich ore 
persisted downward 400 feet. 


SIGNIFICANT FEATURES RELATING TO FORMATION OF THE MOLYBDENITE- 
WOLFRAM-CASSITERITE-BEARING PIPES IN GRANITE. 


Two matters which cannot have escaped the notice of the reader are: 1. 
the rare instances in which the pipes merge into pegmatite, even though pegma- 
tites may abound in the area; 2. relationship of the progressive stages in the 
cooling of the magmas to formation of the molybdenite, wolfram and cassiterite 
pipes, which does not accord in all respects with that found in some other parts 
of the world. 

1. Because pegmatites often occur, sometimes concentrated, in vicinity of 
molybdenite, wolfram and cassiterite deposits in quartz which are formed in or 
adjacent to granite, and because each of the minerals commonly is found rage 
pegmatites, an impression has arisen that deposits of the three minerals, 
such environment, either emanate directly from, or characteristically merge in 
depth with, the pegmatites. — 
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In all of the districts described, pegmatites are present, and pipes involving 
all three classes of metals have been observed merging into them. But it is 
noteworthy that on the whole such mergence is exceptional ; most of the pipes 
remain aloof from the pegmatites, even where several dikes of the latter occur 
within 50 feet or less of them. Furthermore, where the pipes have been bot- 
tomed by exploration most of them have been found abutting the granite 
cleanly or fraying out into it, rather than grading through transitional phases 
into, or growing outward or upward from, pegmatite. 

Environments that yield pipes of massive brittle quartz are favorable to 
the formation of pegmatite, and vice versa; and conditions that breed the one 
often breed the other. 

This may have led some commentators to assume a parent-child relationship 
between the two without, perhaps, considering a possible alternative explana- 
tion: namely, separate birth of each from common ancestry within a restricted 
area, with occasional but not necessarily characteristic “siamese” mergence.’® 

2. If it be granted that increase of silica for a normal magma coincides with 
decrease in temperature during the solidification, and that the master-joints in 
granite develop as result of stresses induced in the magma either through con- 
traction during cooling or through subsequent crustal movement, it is difficult 
to conclude other than that depositional sequence for the three major ore min- 
erals has been molybdenite-wolfram-cassiterite. The general concentration, 
not only at Kingsgate but in other districts of eastern Australia, of the molyb- 
denite ore pipes in granite occurrences of low silica content, together with their 
usual formation before the master-joints had developed in a clearly visible 
form ; the general concentration of the dominantly wolfram ore pipes in granite 
occurrences of intermediate silica content, together with formation of at least 
some of them before jointing in the granite had developed; and the general 
concentration of the cassiterite ore pipes in granite occurrences of high silica 
content, together with their invariable localization in portions of the rock that 
had become extensively and often complexly fissured ; leaves little other choice 
of conclusion." 

The evidence seems the more persuasive because in all cases the ore min- 
erals were deposited within granite pipes of the massive brittle quartz class, 
thus ruling out effects that otherwise might be ascribed in each case to possible 
differences in chemical receptivity of, or to differences in physical response to 
special stresses developed within, a particular host rock. 

It is true that at Bamford and Wolfram, in some instances, a part of the 
molybdenite makes out along joints’or fractures peripherally around the wolf- 
ram ore pipes, and that locally, with native bismuth, it fills in the quartz of the 
pipe itself fine fractures which were formed after the wolfram deposition at 

10 Some geologists have recognized it from their field studies. For instance, J. Coggin 
Brown, in discussing the ore deposits of Tavoy (Burma), pointed out (27) that quartz masses 
containing wolfram and cassiterite segregate out distinct from the pegmatites, at temperatures 
higher than those at which some pegmatites form. 

11 The place of native bismuth in the sequence is less clear. The environment which yields 
the molybdenite ore pipes manifestly is favorable to its deposition; but native bismuth is asso- 


ciated freely also with wolfram in the wolfram ore pipes, often with little or no attendant 
molybdenite. In the cassiterite ore pipes native bismuth is practically unknown in these deposits. 
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such place had ceased. But it is true also that clean wolfram encroaches as 
small embayments into the dominantly, and in some cases into otherwise ex- 
clusively, molybdenite-bearing portions of certain pipes. On the whole the 
molybdenite and wolfram of the two districts are so closely interdeposited and 
commonly so interlocked, and point so convincingly to their essential contem- 
poraneity of deposition, that sustained priority in deposition of either over the 
other would be difficult to establish. : 

The basic argument, of course, rests upon the fact that each metal type, 
wherever it dominates an area, elected the environment it did, when within the 
magma in the same district an environment of either higher or lower silica con- 
tent, and of lesser or greater degree of jointing or fracturing, had been avail- 
able shortly before or would have been available shortly after the time when 
deposition took place. The emphatic and repeated preference shown by each 
of the three minerals for its particular environment and conditions of deposi- 
tion, in other districts of eastern Australia as well as in the ones described, 
cannot well be dismissed as coincidence. 

To geologists familiar at first hand with the pipe deposits in the granite of 
eastern Australia, the evidence has seemed clear for many years that, irrespec- 
tive of what may have been the depositional sequence elsewhere, the sequence 
for the pipe deposits named is molybdenite-wolfram-cassiterite. Though not 
stated in quite that form, the fundamental concept was advanced by Andrews 
as early as 1916 as result of his study of the deposits of New South Wales (3). 
Prior to World War No. 2, however, the sequence does not appear to have been 
seriously credited in most geologic quarters, except, possibly, as typifying iso- 
lated and minor freak deposits. 

Molybdenite, admittedly, has been long known to have a wide temperature 
range of deposition. In Liaoning province (China) it occurs in limestone as- 
sociated as a by-product with the copper, lead and zinc mining (47). At the 
O.K. mine (Utah) it is largely contemporaneous with chalcopyrite in a pyrite- 
chalcopyrite-molybdenite association, but with at least some of it later than 
the chalcopyrite (10). In the breccia-pipes in granodiorite at Copper Creek 
(Arizona) it was deposited at the end of a chalcopyrite-bornite-chalcocite (hy- 
pogene ) -tennantite-molybdenite sequence (30). At Shakan (Alaska), where 
it occurs in a crushed pegmatite vein in diorite, it was deposited at the end of 
a pyrite-sphalerite-pyrrhotite-chalcopyrite-molybdenite sequence (9). At Cli- 
max (Colorado) its deposition is assigned to a probable mesothermal environ- 
ment, which possibly approached the hypothermal range (11). Its deposition 
in pegmatite under strictly hypothermal conditions, not in crushed pegmatite as 
at Shakan, is common in many parts of the earth. Typically, however, its dep- 
osition appears to have been accepted as later than that of cassiterite and 
wolfram. 

Similarly, in most geologic literature wolfram had been listed as following 
cassiterite. In the Cornwall-Devon region (England) that sequence seems a 
logical deduction for most of the occurrences (34), since the cassiterite ore 
extends vertically more than 1,500 feet into the granite beneath the bottom of 
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the wolfram (35).’* In the Erzgebirge (Germany) cassiterite similarly ex- 
tended well below the wolfram (38) (43). At Zeehan (Tasmania) the cas- 
siterite occurs in the granite, with the tungsten and sulphides outside it (46). 
The same zonal arrangement has been reported from various places. The 
widespread wolfram-cassiterite-columbite area in Nigeria is of special interest 
because it embraces so large a geographical unit of essentially homogeneous 
mineralization in granite. On the whole the evidence there favors deposition 
in a columbite-cassiterite-wolfram sequence with decrease in temperature, 
though inconsistencies occur (22). 

As opposed to this sequence Campbell in 1918, apparently without knowl- 
edge of conditions within the Australian pipe deposits as set forth above, had 
shown that in the major Tavoy district (covering 5,308 sq. mi. in Burma) 
wolfram unmistakably precedes cassiterite (13), both associated with much 
pyrite and minor amounts of other sulphides (7). Reviewing the position in 
1920 he stated, “Where tin occurs free of tungsten at Tavoy it is always in the 
sedimentaries, never in the (underlying) granite” (14). He showed further 
that the tungsten veins, mined over a vertical range of nearly 1,000 feet and 
followed to their virtual exhaustion at 300 to 500 feet depth in the granite, were 
practically free of cassiterite at their base, where a small amount of molybdenite 
was appearing. Brown corroborated the field evidence (6) (8) (27). 

Admitting occasional reversals of the Cornwall sequence, the prevailing 
attitude of most geologists nonetheless continued to be essentially that of Ra- 
stall, who had stated in 1918, “All the evidence from the relative distribution 
of cassiterite and wolfram in lodes goes to show that the latter is more volatile 
than the former, since it usually travels further from the margin of the granite ; 
tin-tungsten lodes pass laterally and continuously into wolfram lodes and these 
again into pure quartz veins” (39). He reiterated the view in 1923, “It is to 
be noted that.the metallogenetic sequence of Britain, which may be summarized 
as tin, tungsten, copper, zinc, lead, silver and iron, is on the whole similar to 
that set forth in America by Spurr, Butler, Lindgren, Billingsley, Grimes, Sales 
and others during the last few years” (40)."° In two papers dealing far more 
elaborately with mineral zoning, as well as with other aspects of ore deposition, 
Emmons repeated that view in 1924 (18) and 1926 (19).‘* Lindgren re- 
stated it in 1933, “In hypothermal and mesothermal ores the succession gen- 
erally is—cassiterite, wolfram, molybdenite” (32); and at an extended dis- 
cussion dealing with mineral zoning at the 16th International Geological Con- 
gress the same year, not only was there little dissent from this view,’® but a 
number of geologists displayed an excess of zeal in their efforts to align them- 
selves publicly with it (50). 

In 1938 Dunn showed from microscope evidence that at Mawchi (Burma) 

12 At the East Pool mine. Cronshaw (15) and Campbell (12), however, have furnished 
evidence difficult to refute that in Cornwall at least some of the wolfram, as in the South Crofty 
lodes, must be earlier than some of the cassiterite. 

18 Most of the American geologists named had no extended first hand acquaintance with 
cassiterite-wolfram deposits. 

14 Emmons did not list molybdenite in his classifications, but Spurr in 1923 had listed it as 
earlier than either wolfram or cassiterite (44). 


15 Edward Sampson courageously sounded a note of caution, and L. H. Hart pointed out 
various contradictions in the Butte district. 
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wolfram preceded the cassiterite in deposition, though some overlap occurred 
(16). This was unexpected, inasmuch as at the mine tin was known to in- 
crease with depth at the expense of tungsten.*® Hobson thereupon instituted 
extensive studies of the tin-tungsten ratios. His conclusion was that wolfram 
formed first, as Dunn had reported, but that when cassiterite began to form it 
developed much more rapidly, so that the ratio of SnO, over WO, increased. 
He suggested that the major controlling factor in the deposition at Mawchi 
may have been relative saturations within the ore fluid, rather than temperature 
and relative solubilities of the metals—a view in which Dunn concurred (25). 

Despite these contradictions at the important tungsten-tin-deposits of 
Burma, up to the outbreak of World War No. 2 geologic thought as a whole 
seems to have remained insistent that the traditional Cornwall sequence was 
the only one meriting serious consideration. 

In 1943 Ke-Chin Hsu (28), basing his conclusions upon microscope evi- 
dence, reported the sequence in southern Kiangsi (China) to be molybdenite- 
wolfram-cassiterite, similar to that generally prevailing at Tavoy and in the 
pipe deposits in the granite of eastern Australia. The same year appeared the 
notable monograph upon Tungsten by Li and Wang Chung Yu presenting in 
detail the field evidence, and covering the whole wolfram-bearing region of 
Kiangsi (14,000 sq. mi., exclusive of contiguous productive areas in other 
provinces) which prior to World War No. 2 was furnishing nearly 40 per 
cent of the earth’s supply of tungsten (as wolfram), and contains today more 
than 80 per cent of the indicated reserves of that metal (31). 

The field evidence from Kiangsi is especially enlightening. The wolfram 
occurs partly in pegmatites and replacement veins, but mainly as hypothermal 
veins. The latter are known in more than 80 localities, filling pre-existing 
fissures in either granite or the sediments near the granite. From them wolf- 
ram has been mined to a depth of more than 1,000 feet without establishing the 
total vertical range. Molybdenite, as at most of the Tavoy deposits, occupies 
the lower horizons. Cassiterite occurs at edges of the wolfram areas, char- 
acteristically occupying the higher horizons in the hypothermal as well as in 
the replacement veins, often richer where associated with chalcopyrite and 
arsenopyrite, and quite commonly occurring in pipe-like deposits (47).'" 

More recently still Ahlfeld (2) has shown that at Chicote (Bolivia), where 
the steep Andean topography exposes the wolfram occurrences through a ver- 
tical range of 4,000 feet, the evidence as regards the wolfram-cassiterite rela- 
tionship is the same (molybdenite is not exposed). The wolfram, which 
occurs as narrow quartz veins (up to 4 feet thick, average 8 to 9 inches) associ- 
ated with abundant pyrrhotite in the shattered shale of an anticline above an 
unexposed intrusive, occupies an area of 4 sq. km. It is hypothermal. The 
wolfram area is fringed by a peripheral zone of quartz veins carrying cas- 

16 At Mawchi Dunn found the molybdenite deposited later than the wolfram and cassiterite. 
He found the same wolfram-cassiterite-molybdenite sequence to exist also at Hermyingyi in the 
Tavoy district (17). 

17 Bismuth, produced chiefly as a by-product of the tungsten mining, likewise occupies mainly 
the higher horizons. Most of the bismuth, where unoxidized, occurs as bismuthinite, however, 


rather than as native bismuth, and thus is not directly comparable with the bismuth of the de- 
posits of eastern Australia. 
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siterite, representing a later phase of the same depositional age as the wolfram 
mineralization, though with no well defined transitional zone between. The 
cassiterite is mesothermal. Ahlfeld has found, further, that in nearly every 
Bolivian tungsten deposit examined by him the wolfram is situated nearer 
the central batholithic core than is the principal tin zone. 

With the world’s most important tungsten deposits of Burma, China and 
3olivia supporting in part or in whole the sequence defined by the pipe de- 
posits in the granite of eastern Australia, the field evidence afforded by the 
latter must be ascribed greater significance than has been accorded it outside 
of Australia in the past. 

Why the depositional sequence in all of these areas should reverse that of 
Cornwall, Zeehan, the Erzgebirge, and various other localities, is not clear. 
Whether the greater abundance of boron and fluorine—expressed in the forma- 
tion of tourmaline and fluorite, and through their presence during ore deposi- 
tion maintaining a more mobile condition of the ore fluid—favored deposition 
of cassiterite at Herberton under conditions of lower temperature and pressure 
than those which prevailed during deposition of the wolfram-molybdenite-na- 
tive bismuth deposits at Bamford and Wolfram, is a matter upon which exist- 
ing evidence does not permit firm deduction. If it be accepted as the explana- 
tion for Herberton, it cannot easily be reconciled to the. facts that (a) in 
Cornwall tourmaline is more abundant in the cassiterite ore zone than in the 
wolfram ore zone; (b) at Chicote tourmaline is associated persistently with 
the wolfram, but not with the cassiterite, whose gangue is quartz and fine py- 
rite; (c) prolonged, diligent search by the geologists of the Indian Geological 
Survey for tourmaline at any level in the deposits of Tavoy has been disap- 
pointing (8). At best the presence of boron and fluorine probably constitutes, 
in the deposition of wolfram and cassiterite, merely one of a complex set of 
conditions which as yet do not appear to be understood adequately. 

A factor not to be overlooked is the suggestion by Hobson and Dunn that 
relative saturations within the ore fluid may be more important than tempera 
ture in determining the order of precipitation.’* It might explain in part why 
in Cornwall, where tin greatly exceeds tungsten, at least much of the cassiterite 
appears to have been deposited before the wolfram; whereas at Chicote, where 
tungsten substantially exceeds tin, wolfram was deposited before the cas- 
siterite.' 

On the other hand, in the replacement veins of Kiangsi cassiterite is as 
abundant, on average, as is wolfram (47). The full explanation, therefore, is 
not quite that simple. The suggestion furthermore does not explain satis- 
factorily why the cassiterite at Herberton, with neither molybdenite nor wolf- 
ram competitive, nevertheless was precipitated at a temperature lower than 
was the molybdenite at Kingsgate or the wolfram at Bamford, with the ore in 
all three cases occurring within the brittle quartz pipes in granite. 

18 Emmons noted (19) that reversals from the accepted listing may be explained by excep- 
tionally high concentrations of certain salts of metals. But as noted by Bateman more recently, 
relative concentration of the metallic constituents, as well as of certain other substances within 
the ore fluid, has received too little consideration among geologists in the past (5). 

19 Since the wolfram concentrates mostly carry a small percentage of tin, not identified 
macroscopically or microscopically, a very small amount of the cassiterite may have been de- 
posited contemporaneously with the wolfram. 
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To the disappointment of many there similarly cannot be invoked the time- 
honored escape clause of a “rise in temperature” to explain the later precipi- 
tation of the cassiterite, in view of the field evidence afforded, and the size and 
importance of the deposits, at Tavoy, at Chicote, and throughout most of 
Kiangsi. 

The only conclusion which at present seems justified is that in the dep- 
osition of molybdenite, wolfram and cassiterite, nature employs controls of 
a broader range and greater degree of flexibility than those with which man 
has sought for explanation, 

The factor, however, which it is desired particularly to stress in this dis- 
cussion is that where well-authenticated field evidence, as in the pipe deposits 
in the granite of eastern Australia, points forcibly to a given conclusion, it 
would seem to deserve more earnest consideration in the shaping of our geo- 
logic thought than has been generally accorded it in the past, even though it 
may contradict widely-held beliefs, and even though the deposits under con- 
sideration may not necessarily constitute major producers of the minerals 
involved. 


PIPE DEPOSITS IN ALTERED SEDIMENTARY AND VOLCANIC ROCKS. 


The pipe deposits in altered sedimentary and volcanic rocks of eastern 
Australia are of interest partly because of their structural features, partly be- 
cause many of them likewise reveal positional or depositional sequences at 
variance with the accepted standards. 

Pipes of this class occur in almost infinite variety, not only in the roof pen- 
dants at Herberton and elsewhere, but also widespread through the belts of 
chloritized slate, schist, volcanic tuff and other rocks that flank the batholithic 
exposures. They are particularly numerous in northeastern Queensland. 

In size the pipes have a much greater range than do those in the granite. 
Outstanding for its large size was the famous Vulcan pipe in chloritized schist 
at Irvinebank, 13 miles westerly from Herberton and 24% miles from the near- 
est granite outcrop, worked to a depth of more than 800 feet for recovery of 
8,300 tons tin from 165,000 tons ore treated (average recovery per ton of ore, 
5 per cent Sn)—1more than the entire recorded output from the brittle quartz 
pipes of the 420-acre granite area east of Herberton. Upon several occasions 
the Vulcan was abandoned, only to be reopened and have the ore’s interrupted 
continuity revealed by further prospecting, several times in most unlikely 
places.*° 

In sharp contrast with the Vulcan is the Florist pipe at Tinvale, 100 miles 
or more southeasterly from Herberton. It is famous for its small size, sus- 
tained richness of its ore, and exceptionally freakish shape of the oreshoot, 
which often has been referred to as the crankshaft lode. In somewhat ex- 
_ 20 The pipe has not been worked in recent years, and the author is not familiar with it at 
first hand. 

In the general area west and southwesterly from Herberton occur also, at the granite-slate 
contact or along fissure or fault zones within the granite, the broad, continuous zones of greisen 


that carry cassiterite in amount much too lean for profitable extraction, but which have been an 
important source of Queensland’s alluvial tin deposits. 
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aggerated form it illustrates the contorted shape of cassiterite-bearing pipes 
elsewhere, both in the granite and in the invaded rocks, though with a con- 
tinuity of ore that does not normally characterize most of the others. The 
mine was worked in a small way 1935-1943, for a yield slightly exceeding 50 
tons tin, 
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Fic. 10. Block diagram, showing a condition not infrequently encountered 
in the granite at Herberton, Queensland, with the steeply-trending fractures follow- 
ing no fixed pattern. 


The pipe occurs along a fissure or fault of NW trend and 70° NE dip, 
which cuts across the almost vertical schistosity of the slate-schist country rock. 
Along the fault the pipe rakes 25° to 30° NW. Unlike most others, the 
Florist pipe carries only quartz and cassiterite. The surrounding schist is 
lightly altered locally to chlorite and minor tourmaline. Greisen is absent. 

In some places the pipe’s diameter did not exceed 6 inches. Generally the 
pipe was flat, with cross sectional dimensions ranging from 6 by 12 inches to 
9 by 18 inches. Maximum recorded dimensions are 9 by 45 inches. So rich 
was the ore that more than half of the lode product was sluiced or roughly 
hand-sorted to a 65 to 70 per cent SnO, bagging ore. The remainder, which 
was sent to a battery for crushing, averaged 31 per cent SnQ,. 

Next to the sustained richness of its ore, the pipe’s most unique feature 
was the eccentric manner in which it changed along its course. Although 
many freakish shapes were exhibited, the most characteristic consisted of a 
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sudden change upward of 10 to 30 feet, then a horizontal plunge from 3 to 10 
feet (in one instance 30 feet), followed by an equally abrupt change downward 
again, somewhat resembling the crankshaft of a long-stroke motor. In places 
the crankshaft structure was disposed obliquely. Fig. 11 shows some of the 
major eccentricities in longitudinal section; the full number cannot be shown 
in a section of that scale. It is estimated that at the Florist nearly 1,500 feet 
of pipe was telescoped into an over-all lode length not exceeding 400 feet. 
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Fic. 11. Longitudinal section, looking northeasterly, along the Florist cas- 
siterite-bearing quartz pipe at Tinvale, Queensland. From a sketch by C. C. 
Morton. 


The Vulcan pipe has been noted, and the Florist pipe described briefly, be- 
causé they represent the generally-accepted extremes in size and freakish 
occurrence of pipes within the sedimentary and volcanic rocks that yielded tin 
only. 

Of more direct interest to the thesis of this paper are the pipes which 
yielded ‘sulphide ore, or sulphide-cassiterite ore mixtures. Because of the 
large number of such pipes known, detailed descriptions here are restricted to 
pipes which, either individually or as groups, emphasize some marked ab- 
normality in the ore’s positional or depositional sequence. In all cases cas- 
siterite was the only tin mineral observed, and was of the same age as the 
sulphides. 

The greatest concentration of such pipes, embracing a single mineralization 
unit, occurs in the Herberton-Watsonville region. 


PIPES OF THE HERBERTON-WATSONVILLE ROOF PENDANTS. 


Of the different roof pendants in the Herberton-Watsonville area, the 
large one lying southeasterly from Watsonville (Fig. 8) has been the most 
prolific in its yield of pipes. The more persistent pipes occur largely along an 
ENE line parallel to and approximately 4% mile from the granite contact to 
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the north. The line or zone is 114 mile long and 300 to 900 feet wide. Fault- 
ing and non-continuous fissuring persists throughout the zone, which has been 
invaded intermittently by dikes and tongues of quartz porphyry. The larger 
pipes occur where the ENE zone is intersected by NW planes of fracture. 
The porphyry dikes dip steeply east, the pipes west, and the richer ore ends at 
usual depths of 100 to 300 feet against a hangingwall of porphyry (1). Some 
of the pipes continue, with offsets, beyond the footwall of the porphyry, but 
with marked impoverishment in metal content. 

Other less dominant lines of weakness localize small pipes elsewhere in this 
and in the other roof pendants, in some places with, more often without, 
porphyry dike association. 

Within the roof pendants stratigraphy locally exercises control over or¢ 
deposition. At one group of pipes, although porphyry dikes penetrate the 
area, the shoots of cassiterite are localized not in direct contact with the por 
phyry, but at intersections of the fracture zone with four successive, flat-dip 
ping (25°), favorable, fine-grained, altered sandstone strata (48) ,** producing 
a pagoda effect. At other places, with alteration too intense for determination 
of specific beds, stratigraphic control is suggested by attitude of the pipes and 
oreshoots. But in many instances the influence of stratigraphy is not obvious, 
and may not exist. 

A few of the pipes, such as the Consolation (Fig. 8), are almost as tubular 
in form as the Wonbah molybdenite-bearing one, and possess the same sharp, 
smooth walls ; but in general pipes of the roof pendants diverge from the tubu- 
lar pattern even more than do those in the granite. In shape they commonly 
approach, though no other one is known to equal, the contortions of the Florist, 
and their histories often reveal terminations and re-appearances of the ore as 
abrupt and unexpected as were those of the Vulcan. The common fantastic 
shapes and erratic dispositions of the ore are believed to reflect mutually inter- 
acting responses to both the complex fissuring and local stratigraphic control. 

Greisen, tourmaline, fluorite, chlorite and pyrite abound at many places 
within the roof pendants to an even greater extent than in the granite. Chal 
copyrite, pyrrhotite and arsenopyrite are common associates. The chalco 
pyrite, or its oxidized derivatives, has accounted in numerous instances for a 
small output of copper from pipes mined primarily for their tin content. In 
many of the pipes distant from porphyry dikes, mixed sulphides may dominate 
to the exclusion of tin. Chalcopyrite and pyrrhotite, with variable amounts of 
arsenopyrite, are the common sulphides, but a few pipes carry almost uncon 
taminated silver-lead-zinc sulphides. The greater the content of sulphides and 
the lower that of cassiterite, the less tendency is there for brittle quartz to 
dominate as gangue, even after allowing for sulphide replacement of quartz. 

Where mixed sulphides occur in association with tin, the copper in some 
cases yields in depth to cassiterite, in the traditional sequence. But the oppo- 
site condition is not uncommon. The Consolation mine is a case in point. 
At that place the pipe, essentially vertical in trend and occurring near the edge 


21 In that respect they show much the same disassociation from the dikes as do the brittle 
quartz pipes in granite with respect to pegmatites, though in this case porphyry dike and ore 
pipe are localized along the same solution channel 
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of the roof pendant rather than centrally within (Fig. 8), has been stoped 
across a diameter up to 60 feet or more. Cassiterite was mined from an 
opencut on the hill slope to maximum depth of 35 feet (41), with the prob- 
ability that some of the pipe’s cassiterite-bearing portion has been removed by 
erosion. The yield was 26 tons tin. Beneath it, in turn, chalcopyrite-pyr- 
rhotite ore,** with lesser arsenopyrite, was mined for an additional depth of 
approximately 100 feet. The yield was 450 tons copper, and 35,000 ounces 
silver.2* A lightly defined, gently dipping “floor” between the main tin-bear- 
ing and the main copper-bearing portions caused no interruption to the pipe 
itself, and tin persisted in irregular diminution for 20 feet down into the cop- 
per-bearing portion below the “floor,” whereas copper was present scatteringly 
in the dominantly tin-bearing portion above. Except near its top, the chal- 
copyrite-pyrrhotite portion of the pipe was cassiterite-free. 

The Consolation is not an isolated instance ; at least a half dozen well scat- 
tered additional examples of the Consolation type (of lesser size) are known 
in the district. In most of them “floors” are absent, the change occurs gradu- 
ally, and the central and lower portions of the pipe yielded no tin. 

The district’s principal silver-lead-zinc producer (Isabel, Fig. 8) exhibits 
largely similar incongruities. The Isabel contains small pipes of almost pure 
silver-lead-zine sulphides, with no change to the depths explored to indicate 
that they might grade downward into copper or tin. But 100 feet distant, 
parallel to and along the same general zone of fracturing, are other small 
pipes that have yielded copper and tin. All of the pipes occur within a surface 
area 100 by 500 feet in extent, at the edge and near the base of a roof pendant 
(Fig. 8), possibly not more than several hundred feet as a maximum from the 
underlying granite. The pipe concentration occurs directly in line and almost 
centrally between the Herberton and Watsonville rich cassiterite-bearing pipes 
(Fig. 8), at a lower elevation than many of them; whereas numerous pipes 
yielding chalcopyrite-pyrrhotite-arsenopyrite bodies, some of them nearly mas- 
sive sulphides with little or no associated tin, persist in the same roof pendant 
for several miles to the north and northeast at substantially higher elevations, 
and up to % mile or more inward from the granite contact (Fig. 8). 

A striking incongruity is that many of the exclusively or dominantly sul- 
phide-bearing pipes, including some with the reversed mineralogical relation- 
ships, lie like the Isabel group at substantially lower elevatons than do many 
of the exclusively or dominantly cassiterite-bearing pipes of both the granite 
and the roof pendants. In other words, the features in the vertical plane of 
deposition are up-side-down. The condition is too common to be fortuitous ; 
it must be related to a control that operated throughout deposition of the cas- 
siterite and sulphide bodies. 

It may be contended that the sulphide pipes in the roof pendants repre- 
sent normal sulphide precipitations above clusters of cassiterite-bearing pipes 
within the underlying granite, as the copper ore of the “killas” at Cornwall 

> Need by the state government smelter at Chillagoe for basic flux which the iron of the 
chaleopyrite and pyrrhotite supplied, made it possible to mine some of the mixed sulphide pipes 
beyond what was justified by their copper content only, and made ore of the low grade chalco- 


pyrite-pyrrhotite mixture 


’ The form in which the silver occurs is undetermined. 
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overlies tin ore in the granite beneath (33).' Elsewhere in Australia, however, 
the pipe clusters in granite have been concentrated on terraces or gentle dome 
structures along upper portions of the intrusive masses. Through reconstruc- 
tion of the former surface, the field evidence at Herberton favors a similar em- 
placement for pipes of the 420-acre granite hill east of town. Moreover, such 
prospecting at the base and beneath pipes of the roof pendants as has been 
carried out, though certainly in no sense exhaustive, has failed to indicate ore 
channels of any sort leading downward to cassiterite ore reservoirs beneath, 
as might have been suggested, perhaps, if persistent mineralized or unmineral- 
ized quartz veins, or well defined quartz tap roots, had been disclosed. The 
assumption that cassiterite exists beneath the pipes at greater depth thus is 
pure speculation, with available field evidence largely against it, and with 
the same likelihood of disappointment, upon deeper prospecting, as attended the 
testing for further cassiterite beneath the wolfram veins at Tavoy (8). 


OTHER UNIQUE CASSITERITE OCCURRENCES. 


Other striking examples of the mixed or reversed cassiterite-sulphide se- 
quence are exhibited by the Tennyson pipes, and the Silver Queen and Dain 
tree deposits, all of northeastern Queensland. The Silver Queen and Daintree 
are not strictly pipes, but rather small oreshoots that rake obliquely along the 
lode channel, representing structures gradational between much-flattened pipes 
and true veins. The Daintree, furthermore, occurs in granite, but is described 
at this place because of its many similarities to the Silver Queen, and because 
it is not strictly a pipe deposit. 

Tennyson.—The Tennyson mine near Koorboora (Fig. 1) exhibits gen- 
eral and persistent association and intergrowth of cassiterite with galena and 
sphalerite. The mine was worked by the Irvinebank Mining Company 1904- 
1916, thereafter by smaller operators in 1918, and again 1926-1927.** 

The ore is localized as pipes in a chloritized shale-sandstone series, along 
both flanks of and touching a 2-mile length of a nearly vertically-dipping 
rhyolite-tuff dike that cuts obliquely across the sediments. The dike has a 
general N 63° E strike, and normal width of 10 to 15 feet. It embraces in- 
numerable blocky to rounded fragments of shale, sandstone, rhyolite and other 
rock types ranging from a few inches to several feet in length, interspersed 
through the rhyolite tuff matrix. Although the dike is a breccia or agglom- 
erate type, the pipes are not “breccia columns.” Presumably they formed 
sometime after the dike, as at one place stringers of ore cut across the dike to 
connect pipes on opposite flanks, showing clearly that the ore is later. 

Principal output came from two disconnected pipe clusters occupying less 
than a 4%4-mile length of the dike. The pipes ranged from elliptical patterns 
up to 17 X 40 feet in cross sectional area, to sub-rectangular bulky masses, and 
to various eccentric shapes. Maximum mined depth was 260 feet. The 
largest single pipe contributed 4,235 tons of ore. 


24 For many of the details relating to these deposits the author is indebted to C. C. Morton, 
director and chief geologist of the Queensland Geological Survey, who probably has a more 
intimate acquaintance with the pipe deposits of northeastern Queensland than any other geolo- 
gist. Much of the information in his possession is unpublished. 
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In all pipes cassiterite was associated with base ore sulphides. In some of 
them the sulphides contributed only a small percentage of the metallic content; 
in others they exceeded the cassiterite several times, and made up from 15 to 
20 per cent of the pipe volume; but the sulphides showed no special prefer- 
ence for top, bottom, center or periphery of a given pipe, and in varying de- 
gree were everywhere coextensive with the cassiterite. Galena, carrying sil- 
ver and associated bismuthinite, predominated, but sphalerite- was abundant 
locally. Chalecopyrite occurrence was patchy, and on the whole lean. So 
closely were the sulphides associated and intergrown with the cassiterite, and 
so difficult was their separation from it, especially of the galena (flotation was 
not employed), that clean tin concentrate was virtually impossible to obtain. 
The Irvinebank company operated its own tin smelter, and was able better to 
cope with the lower grade and the mixed products,”° but the later operators 
had great difficulty in disposing of the concentrates in any form. The last 
operators, with a 25-30 per cent SnO, concentrate, after refusals from vari- 
ous ore-purchasing firms, were obliged finally to dispose of their product to 
the state government smelter at Chillagoe for its silver-lead content, with no 
credit for the tin. 

TABLE 3. 


AVAILABLE (INCOMPLETE) PRODUCTION RECORD OF TENNYSON MINE, QUEENSLAND. 
































| Concentrates 
Period | oe oa aie | -— . 
Tons | SnOz | Ag Pb | Zn Cu 
% | oz. % | A) %o 
Irvinebank | 
Mining Co. 
1904-16... | 10,461 656 
Others 
| | 107 15.55 
eeGiccass | 329 30 
| a 
10,897 701.55 
Individual parc els 
of record 
Peb., 1913 ....200. 136 1.7 57.8 
1.9 41.0 
EN. ENE. ¢s.0.0.¥.0-0'04 211.4 46.1 17.6 41.0 
Aug., 1913... 60 25 57.9 
.735 23.5 3 2 
Pee 65.3 2.5 59.14 
65 39.41 
April, 1918..... | 47 3.1 42.0 $.5 4.5 
June, 1918... 60 12.45 16.8 11.5 40.5 7.2 3.1 
1926. | 92 7 24.0 34.0 32.2 
| 237 23 29.3 34.0 | 54.2 





Table 3 sets forth the recorded production and such detailed record of 
individual parcels as is available. The Irvinebank output was valued at 
£32,800. Subsequent records are incomplete. With one exception, silver- 


25 Two grades of concentrate, with lead largely eliminated from the higher tin product, were 
made to facilitate smelting operations. 
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lead content of the concentrates is shown only where a high grade silver-lead 
product was attempted. Records of zinc and copper content are mostly lack- 
ing. The zinc, in particular, was lost in the tails. 

From the incomplete records a mill head averaging slightly more than 2 
per cent Sn is indicated, pointing to a total tin output of 225 tons. The yield 
of lead, as shown by Table 3, could not have been less than 270 tons, and 
probably exceeded that amount.”® 

Silver Queen.—The Silver Queen deposit, occurring in the chloritized slate 
15 miles southwesterly from Herberton, 4 miles south-southwesterly from Ir- 
vinebank, exhibits a cassiterite-galena relationship of a different character. Its 
ore, as already noted, occurs as isolated shoots along an irregular quartz lode 
instead of as distinct pipes, and the cassiterite yields to exclusive silver-lead- 
zine in depth. As at the Consolation, some of the cassiterite-bearing portion 
of the deposit may have been removed by erosion. The property was operated 
from 1924 to 1927. 

The lode strikes NNW and dips 40° to 45° W. It was worked at three 
places along a 650-foot lode length, to maximum depth of 80 feet. Greatest 
length of a single shoot was 60 feet. Ore width varied from a few inches to 
4 feet. 

Oxidized silver-lead minerals, present at the surface, became dominant at 
50-foot incline depth, which was the maximum depth to which cassiterite ex- 
tended. The oxidized lead merged insensibly into hypogene sulphide ore 
near water level at a depth of 80 feet. At water level, sphalerite (with minor 
chalcopyrite) exceeded galena, and prospecting ceased because of smelter 
penalties for the high zinc content. 

Available production records, not complete, are set forth in Table 4. 
They furnish a general idea of the metallic mineral distribution. So far as 
possible the oxidized lead was separated from the cassiterite by the owners to 
obtain as clean as possible a tin concentrate. 

Since the bottom of the oreshoot was not reached at the Silver Queen it 
is not known whether cassiterite reappears at greater depth, or whether the 
reversed mineralogical relationship remains constant. 

Daintree.—The Daintree mine near Tinvale shows the cassiterite yielding 
to tetrahedrite in depth. The mine’s principal production occurred from 
1912 to 1914. Additional output occurred in 1924 and from 1936 to 1943. 
Record of the output is incomplete, but probably exceeds 150 tons tin. 

26 Except for smailer size of its pipes, their greater number, and less extensive oxidation, 
the deposit resembles in its major aspects the famous Tin Chimney and Cocks Orebody of the 
San Antonio mine in the Santa Eulalia district of Chihuahua (Mexico). Like the Tennyson 
pipes, the Tin Chimney and Cocks Orebody, as described by Hewitt (23), are nearly vertical, 
and are associated with steep rhyolite dikes on whose opposite sides they occur, and with which 
they have no recognized genetic relationship; but they occur in Cretaceous limestone instead of 
Paleozoic chloritized shale-sandstone. Also they are larger; the Tin Chimney measures approxi- 
mately 1,000 X 130 feet average; the Cocks pipe, 825 X 80 feet average. Their tin content was 
114 to 2 per cent. Most of their silver-lead-zine ore was oxidized, but both pipes grade at their 
bases into a galena-marmatite-pyrite mixture that in turn is enveloped by and appears to merge 
downward into a garnet-actinolite-tremolite contact zone. (At the Tennyson contact-metamor- 
phism is not in evidence.) The oxidized central portion of the Cocks pipe was lead-vanadium- 
bearing, similarly oxidized. Tin, as cassiterite, persisted to bottom of both pipes. The evi- 
dence, as at the Tennyson, points to a single age of mineralization, with the cassiterite deposited 
last. 
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The lode occurs within a fissure zone, up to 10 feet wide, in coarse porphy- 
ritic granite. The strike is NNW, dip 45°-55° SW (37). Within the fissure 
zone, and for several feet into either wall, the granite is moderately chloritized, 
silicified, and impregnated with much finely divided tourmaline; but, as at 
the Florist, no greisen is present. Cassiterite occurs to some extent through- 
out the lode, but ore is present only as rich bunches within one or more quartz 
veins from 1 inch to 3 feet thick. Where only one vein exists it hugs the 
hangingwall ; the other vein, where present, lies 1 to 2 feet below the first. 


TABLE 4. 
AVAILABLE RECORD OF ORE PRODUCED BY SILVER QUEEN MINE, 
HERBERTON DISTRICT, QUEENSLAND. 


Average Content Per Ton of Ore 
Tons Ore a ~~ pi ee = | i 
| Sn Ag | Pb Zn Cu 
| % oz. % | % | % 
} | } 
Tin Ore. 11 | 3.6 180 | 1.0 * * 
119 4.5 * a * * 
130 4.4 | 
Silver-lead ore 
Oxidized ‘ 531 39.7 18.4 * | 
Sulphide. 8.65** 17.3 | 20.1 23.0 * 
| 


* No record. 
** Return available for one parcel only. 


At the surface, ore was mined from an opencut 190 feet long and 20 feet 
deep. As the shoot was followed down it contracted at the 50-foot level to a 
length of 80 feet, with a SE rake of 45°. Cassiterite cut out entirely at 145- 
feet incline depth. Throughout most of its course, especially in its lower half, 
the cassiterite shoot carried a small amount of pyrite and chalcopyrite. As the 
bottom of the shoot was approached both these and the cassiterite gave way to 
tetrahedrite. Over the last 20 feet of lode tested no tin was present, and tetra 
hedrite constituted the only visible metallic mineral. An average sample 
across the tetrahedrite portion of the lode, taken by the owners, is stated by 
them to have yielded 7 per cent Cu. The purer mineral yielded 37.4 per cent 
Cu, 30.7 per cent Sb, 5.1 per cent Fe, 44.15 oz. Ag, trace Au. 

Ore of 7 per cent Cu grade did not pay to work, and the mine closed down. 
As with the Silver Queen deposit, no opinion consequently can be formed as to 
whether, farther down the rake, resumption of cassiterite may occur. 


COMMENTS UPON CASSITERITE AND ORE SULPHIDE PRECIPITATION WITHIN PIPES 
OF THE INVADED ROCKS. 


For emplacement of cassiterite either near the earth’s surface, or above ore 
sulphides that have been more deeply domiciled, the traditional explanation 
is a rise in temperature late in the depositional sequence. Such rise may ex 
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press itself as telescoping,” 
temperature. 

The cassiterite occurrences in sheeted zones or networks of narrow frac- 
tures cutting the rhyolite and rhyolite tuff in Lander County, Nevada (29), at 
Taylor Creek, New Mexico (24), and at Potrillos and elsewhere in Durango 
(Mexico) (26), precipitated and intimately and persistently intergrown with 
specularite as fracture fillings or seamlets, with associated tridymite in the 
Lander County occurrence and at least local association of fluorite and topaz 
at Potrillos, and with intense sericitization of the rhyolite wherever cassiterite- 
specularite mineralization is pronounced, seem rather clear-cut examples of 
deposition through telescoping not far beneath the earth’s surface, even though 
most of the cassiterite occurs as botryoidal wood tin in all three districts and, 
as far as explored, exclusively so in Lander County. The author has first 
hand acquaintance with two of the districts, and recognizes such deposition of 


or as a more gradual and general increase in 


cassiterite as a distinctive type, without much doubt as to its method of em- 
placement. 

The occurrences of eastern Australia discussed above are not of that type. 
Their cassiterite is crystalline, and its appearance and field relationships sug- 
gest deposition under far more quiet and leisurely conditions, differing in no 
essential way from the conditions under which the associated or underlying ore 
sulphides were deposited as normal replacements of quartz or country rock to 
constitute, in places, semi-massive to massive sulphide bodies. 

If deposition of the cassiterite in the Consolation type of pipe, for example, 
took place as result of a late rise in temperature, either through telescoping or 
through a more gradual and general temperature increase, and if it be con- 
tended that hypogene cassiterite necessarily crystallizes out at temperatures 
higher than those at which crystallization of chalcopyrite takes place, one or 
more of the following features should be tn evidence: (a) deposition of cas- 
siterite in some degree throughout length of the pipe; (b) post-sulphide 
fracturing within or flanking the underlying sulphide sections to serve as 
conduits for the cassiterite-bearing fluid, with some cassiterite presumably) 
deposited along the fractures; (c) extensive sericitization or related alteration 
of the country rock along the conduits, and especially at the point of cassiterite 
deposition; (d) re-solution and redeposition, upon a readily-detectable scale, 
of the chalcopyrite and pyrrhotite in central and lower portions of the pipe. 

The author has observed none of these phenomena. His observations are 
not conclusive in respect to all points, as he was able to examine the pipes only 
after much of their commercial extraction had ceased; ** but he has found no 
other technically trained person familiar with the deposits who noted or recalls 
such phenomena. Furthermore, tourmalinization at the Consolation and its 
satellites is moderate to lean, as compared with heavy at most of the conven- 
tional Watsonville pipes, was nowhere observed to be later than the chalcopy- 


27 “Telescoping probably represents merely hurried and promiscuous precipitation caused by 
rapid loss of heat and pressure as the ascending solutions are dissipated into the highly fractured 
and colder rocks nearer the surface.” Graton, L. C.: Depth zones in ore deposition. Econ. 
Gror., 1933, pp. 544-545. 

‘8 All of it in the case of some pipes. 
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rite, and is not concentrated noticeably near tops of the pipes where the cas- 
siterite precipitation took place. No tourmaline was observed at the Isabel. 

Conditions at the Silver Queen and Daintree are not strictly comparable, as 
those deposits grade into lodes, and neither deposit has been bottomed. But 
if cassiterite resumes in them at greater depth—at present necessarily a con- 
jecture—a connecting trail between the upper and lower cassiterite occurrences 
likewise ought to exist along their intervening unmined sulphide sections. It 
has not been observed; in both cases the cassiterite has cut out completely, 
through explored depths, without tell-tale roots. 

It is conceivable that in a given pipe extraordinary circumstances might 
have prevailed under which the stated effects failed to register, or became 
wholly effaced. It is not readily conceivable that such extraordinary cir- 
cumstances would have re-enacted themselves in all of the pipes, more par- 
ticularly in different districts. 





If, as is not convincingly substantiated by the field evidence of northeastern 
Queensland, the cassiterite of the sedimentary and volcanic rocks inevitably 
was deposited before the associated ore sulphides, one explanation to account 
for deposition of the cassiterite vertically above the chalcopyrite within pipes 
of the roof pendants, and not involving necessary rise in temperature, may be 
as follows: 

Assuming, as seems probable, that a poorly-jointed, essentially impermeable 
cover rock, such as exists at Bamford, overlay at the time of the ore deposition 
the present higher exposures of the Herberton-Watsonville pipes, both tin and 
sulphides would have had to be precipitated as best they could beneath it. On 
the basis of district habit the cassiterite would be precipitated in the granite 
so far as favorable structure and other conditions permitted. The ore sul- 
phides, with proved strong affinity in the case of most of them for the roof 
pendants as host, would precipitate mainly in that rock, as would cassiterite 
which had failed to find lodgment in the granite. 

With no ready escape for the mineralizers, precipitation of neither cas- 
siterite nor sulphides would have taken place hurriedly, in general, within 
the roof pendants. The ore fluid would circulate within its restricted en- 
vironment, availing itself of whatever conditions facilitated precipitation. 
Variable concentrations of the ore and other sulphide constituents presumably 
would exist from time to time and from place to place, and it readily is con- 
ceivable that vagrant concentrations of tin might find lodgment in pipe en- 
vironments which subsequently became repositories for more abundant mixed 
sulphides, without necessary regard to relative position of tin or sulphide.” 
In the same manner residual sulphide components might find lodgment locally 
within the roof pendants without necessary regard to cassiterite shoots al- 
ready emplaced at higher elevations, and in some instances even the silver- 
lead-zine sulphides might find it centrally or near the base of the roof pendants. 
In some respects the condition would be analogous to increased precipitation 
in depth, within vugs, of the much sparser sulphides in pipes of the granite at 
Bamford and Wolfram. 


29 Ttic influence of stratigraphic control in some instances might be difficult to assess. In 
metamoi ,l.osed rocks such control often is subtle, as at Broken Hill (New South Wales). 
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The explanation suggested above hardly suffices, however, for the Silver 
Queen and the Daintree, where lode form is exemplified or closely approached, 
where a more permeable cover rock seems likely to have prevailed, but where 
nevertheless field evidence has not been observed to suggest conditions to bring 
about “hurried and promiscuous precipitation” of the cassiterite through “rapid 
loss of heat and pressure.” © The explanation suffices still less for the intimate 
tin-lead intergrowths at the Tennyson mine. 

Close association and intergrowth of cassiterite with silver-lead-zinc sul- 
phides in the Tennyson pipes and at the Silver Queen, invites comparison with 
like association in the Tin Chimney and the Cocks Orebody at the San An- 
tonio mine (Mexico), previously described. 

For those two pipes the enclosing limestone is contact-metamorphosed at 
their bases, but available evidence (the author has not seen the deposit at first 
hand) does not suggest that either sulphides or cassiterite were deposited be- 
fore the close of contact-metamorphic activity. The evidence points, in any 
event, to the cassiterite having been deposited last, and the author fails to 
find in the recorded descriptions evidence for a rise in temperature to accom 
pany such deposition after the silver-lead-zinc sulphides had been set down. In 
view of the lack of contact-metamorphism or related high temperature effects 
in the gangue associated with ore introduction in the Tennyson pipes and at 
the Silver Queen, or anything to suggest rapid and promiscuous precipitation 
of either the cassiterite or the sphalerite-galena, a temperature rise cannot well 
be invoked as an essential prerequisite for the San Antonio occurrence. 

Because cassiterite is so commonly deposited under obviously high temper- 
ature conditions the impression has gained currency, in much of our geologic 
literature, that its mere introduction later than other ore minerals is to be con- 
strued as constituting proof of a rise in temperature, without need for cor- 
roborative evidence. As noted by Fenner in another connection (20), the 
impression has become “embedded in the literature and handed down from one 
writer to another” until, with many geologists, it has grown into a conviction, 
immutable and unchallengeable. 

That telescoping is the logical explanation for precipitation of cassiterite 
in certain unconventional environments, as those noted for the Lander County, 
Taylor Creek and Potrillos deposits, is undeniable, irrespective of whether or 
not sulphides typical of the mesothermal or epithermal zone are involved. 
That differences of opinion are justified as to whether or not high temperature 
accompanied the precipitation of cassiterite in association with certain other 
usually low temperature sulphides, as at the San Antonio mine, likewise is 
freely admitted, because of the uncertain recorded evidence at hand. In other 
cases however, in view of the field evidence already adduced, it is difficult not 
to conclude that hypogene cassiterite may have been precipitated, quietly and 
normally, contemporaneously with sulphides deposited within the upper reaches 
of the mesothermal zone—as is true for cassiterite’s common associates, molyb- 
denite and wolfram.*° 


80 That it should be regarded as illogical, even though probably not of common occurrence, 
seems the more remarkable in view of the ease with which stannite alters to cassiterite under 
supergene conditions. At the Conrad mine (New South Wales) the author has observed stan- 
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It would seem to be in order, in any event, to investigate, objectively both 


available deposits and the literature to ascertain to what extent the widely-held 
conviction, of hypogene cassiterite inevitably denoting high temperature con- 
ditions, rests upon factual data on the one hand, and upon Cornwall-minded- 
ness and assumption on the other. 


Feb. 28, 1947. 
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DISCUSSION AND COMMUNICATIONS 


LEAD-SILVER MINERALIZATION IN THE CLARK FORK 
DISTRICT. 


Sir: After the publication of my article of the above title in Economic 
GroLocy,' Dr. Charles Milton, Geochemist, U. S. Geological Survey, kindly 
offered to have made x-ray examination of the rare sulfosalts contained in the 
ore. He was given duplicate specimens of the ore, but when the x-ray study 
failed to confirm the presence of several of the minerals mentioned in my re- 
port, some of the original polished sections were made available to him. Study 
of them too, however, did not reveal the missing minerals. 

From the x-ray patterns the presence of semseyite (9Pbs:4Sb,S,) and 
jordanite (4PbS-As,S,) was confirmed, and, by optical properties, bournonite 
(Cu,S-2PbS-Sb.S,); but the presence of meneghinite, geocronite, boulange- 
rite, guitermanite, and freieslebenite could not be verified. It now appears 
that jordanite makes up the bulk of the sulfosalt ore at the Hope mine, and 
semseyite most of that at the Whitedelf. 

Since then I have rechecked the etch, microchemical, polarization and other 
optical tests, but the restudy merely confirmed my earlier determinations. 
The discrepancy in results obtained with x-ray and microscopic studies thus 
leads to some scepticism as to the value of published optical and microchemical 
data in the identification of many rare, complex minerals. Fairbanks * has 
recently pointed out the danger of relying too greatly on the determination 
of microscopic ore minerals by means of polarization colors, tarnishing reac- 
tions, color of polished surfaces, hardness, etc., stating that “one hundred ore 
minerals selected alphabetically among the least rare species showed a total of 
111 variations in their tarnishing reactions by comparing the data as given by 
Short with those of Farnham.” He also “encountered additional variations in 
both polarization colors and tarnishing reactions as obtained from authentic 
species that had been verified by x-ray study.” 

The failure of the etch and other optical tests in the case of Clark Fork ores 
probably has its explanation among the causes of failure given by Schneider- 
héhn and Ramdohr * in their standard work on ore minerals. It is probable 
that the variations in etch reactions and polarization colors may have been con- 
ditioned during the polishing of the sections, which if prolonged tends to pro- 
duce marked physical changes at the surface of soft minerals. There may be 
formed surface layers of very small aggregates of microcrystals of varying 

1 March-April, 1946, vol. XLI, pp. 105-123. 

2 Fairbanks, E. E.: Lead-silver mineralization in the Clark Fork district—Discussion. 
Econ. Geor., August, 1946, vol. XLI, p. 554. 


8 Schneiderhéhn, H., and Ramdohr, P.: Lehrbuch der Erzmikroskopie. Berlin, Gebriider, 
vol. I, pt. I, pp. 233-235, 1934. 
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size, oxides of the elements of the minerals and of the polishing agent, and 
catalytic effects induced by the polishing agent. Each of these may cause 
failure of tests and produce results which are misleading. The inadequacy of 
etch tests in the identification of minerals has been stressed by Schneiderhéhn 
and Ramdohr, who, in their final paragraph in the introduction to their De- 
terminative Table (page 3), say: “Once again we point out that, in many 
instances, our experience shows that identification by means of etching is im- 
possible. Etch tests are merely of secondary assistarice, when by other cri- 
teria the range of possibilities has been greatly narrowed down, and even then 
etch tests are to be employed with circumspection and critical evaluation.” 

X-ray study of the Clark Fork ore has made evident the danger of relying 
too greatly on etch tests and similar methods in the study of unusual ore min- 
erals. More than that the study has given a striking demonstration of the 
relative inadequacy of methods other than x-ray in ore mineralogy. 

I wish to take this opportunity to express my pleasure and gratitude to 
Dr. Milton for giving his time and interest to the x-ray study of the Clark 
Fork ores and for his generosity in providing me with the results of his 
studies. 

AtFrreD L. ANDERSON. 

DEPARTMENT OF GEOLOGY, 

CorNELL UNIVERSITY, 
IrHaca, New York, 
Mar. 19, 1947. 
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Elements of Soil Conservation. By Hucu H. Bennerr. Pp. 406; figs. 114. 

McGraw Hill Book Co., New York, 1947. Price, $3.20. 

This little book presents in simple language the main problems of soil erosion, 
soil exhaustion and methods of prevention. The 22 chapters deal with: The 
Erosion Problem in the United States; The Extent, Effects, and Process of 
Erosion; Rates of Erosion and Runoff; Climate and Soil Erosion; Rainfall Pene- 
tration; A National Program; Planning for Conservation of Soil and Water; 
various methods of control such as vegetation, contouring, terracing, channels, 
water spreading, gully control, bank control, small dams, stubble-mulch farming 
and farm drainage and irrigation; Place of Trees and Shrubs in Soil and Water 
Conservation. 

The content is largely for practical use in farming, but the early chapters both 
in text and illustrations carry much of interest in physical geology. Many ex- 
cellent pictures made by the Soil Conservation Service are included. 


Concise Chemical and Technical Dictionary. Edited by H. Benner. Pp. 1055. 

Chemical Publishing Co., Brooklyn, New York, 1947. Price, $10.00. 

This much needed volume gives some 50,000 definitions in every field of scien- 
tific development. It covers chemistry, physics, mineralogy, biology, mathematics, 
metallurgy, medicine, bacteriology, pharmaceutics, electrical and mechanical engi- 
neering, and terms used in industry, manufacturing, plastics and textiles. It also 
covers international terms. It is written for both the professional and layman and 
is excellent for translating. The main body of the book is the dictionary itself, 
in which the definitions are clear and concise. For chemical compounds there is 
given the chemical name, synonyms, semi-structural formula, molecular weight, 
color, form, specific gravity, melting point, boiling point, solubilities, and uses. 
Mineralogic definitions give the name, formulas, properties and uses. Preceding 
the dictionary are Directions for its Use, Nomenclature of Organic Chemistry, 
Names and Formulas of radicals occurring in Organic Compounds, and Pro- 
nunciation of Chemical Words. The dictionary is followed by sections on: The 
greek alphabet with meanings of symbols, mathematical symbols, miscellaneous 
symbols, weights and measures, hardness scale, equivalent measures, chemical ele- 
ments and their discoveries, temperature conversion tables, indicators, vitamin 
values of foodstuffs, organic ring systems, and an addendum. 

The volume is certainly one that every chemist, geologist, physicist, biologist 
and engineer will need and use. 


Principes de Géomorphologie Normale (Principles of Normal Geomorphol- 
ogy). Paut Macar. Pp. 304; figs. 212. H. Vaillant-Carmanne, S.A., Liége, 
Belgium, 1946. Price, 670 fres. 

The sub-title of this work is “Study of the Shapes of the Soil of the Damp 
Areas.” The author starts by studying the tectonic relief of the continents, then 
the erosion which disintegrates the rocks and the carrying along of the products 
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of disintegration. The study is restricted to “normal geomorphology.” The 
author brings out the part played by each of the erosion agents in the formation 
and destruction of the relief; of their intensity and mode of action he deduces a 
rational explanation of land forms. That is maybe the most original part of his 
book. 

The alterations of the external crust of the globe produce the most typical 
characters of the main land geomorphology, either as plains, up-land or mountains. 
A chapter deals with the disintegration of the rocks and how they give to a land- 
scape a special aspect. In normal areas the flowing water and the hydrographic 
net are the most important factors; hence a description of the rivers, their source, 
formation, mode of action, erosion—vertical and lateral—, evolution, the influence 
of the external phenomenons, their capture, density and their characteristics in 
clay soil. The author tries to explain the different aspects that each type of 
relief takes during its evolution, yet all tending to become a “peneplain.” Though 
Davis’ conception is purely theoretical he shows that it is the most probable. He 
also tries to explain the different morphologic aspects according to the position 
of the sedimentary strata. 

Although most of Mr. Macar’s views have already been discussed in classical 
works, his book is very distinctive and personal by the classification of his argu- 
ments, the discussion of the outstanding facts and his original views on several 
subjects. It is noteworthy that this book was conceived and written during the 
author’s captivity in Germany, under extremely difficult conditions and with a 
very limited documentation. 

M. L. MIGNoNE. 
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REVIEWS. 309 


Sodium Salts of Lake County, Oregon. I. S. ALLison and R. S. Mason. Pp. 
12; pls. 3; tbls. 6. Oregon Dept. Geol. & Min. Inds., Short paper 17. Port- 
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Brasil: Divisio de Fomento da Producaéo Mineral. 


Bull. 73. Geologia da Provincia Tantalo Glucinifera da Borborema (Geol- 
ogy of the Tantalum-Beryl Province of Borborema). P. A. M. pi 
AtMEIDA Rotrr. And Evolucgéo dos Conhecimentos sobre a Geologia 
Criptozdica do Nordeste do Brasil (Evolution of the Pre-Cambrian 
Geology of Northeastern Brazil). Grycon pe Paiva. Pp. 72; figs. 8; 
pls. 18. 1945. General geology of north-east Brazil and of the tantalite- 
beryl-cassiterite areas; genesis of pegmatites. 

Bull. 74. Relatério da Diretoria 1942 (Report of the Director). AveLino 
IGNAcio pE Ottvetra. Pp. 314; figs. 28. 1945. Detailed report on the 
mineral resources of Brazil, their legislation and administration. 

Bull. 76. Depdsitos de Manganés e Ferro do Morro do Urucum—Matto 
Grosso, Brazil (Manganese and Iron Deposits in the Urucum Pyramidal 
Hill). Joun Van Dorr, 2nd, of the U. S. Geological Survey. Translated 
from the English. Pp. 76; figs. 7; pls. 6. 1946. Local stratigraphy and 


Bull. 77. Relatério da Diretoria 1944 (Report of the Director). ALserto 
ILpEFoNSO ErtcuseNn. Pp. 176; figs. 22. 1946. Details the production and 
mining of most of the mineral resources—and its legislation—in Brazil 
during 1944. 
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Bull. 78. Minerais dos Pegmatitos da Borborema (Minerals in the Peg- 
matites of the Borborema Section). P. M. pe Atmeipa Rotrr. And 
Provincias Pegmatiticas do Brasil (Pegmatite Provinces of Brazil). 
GLycon DE Paiva. Pp. 76; figs. 15; pls. 15. 1946. Describes the oc- 
currence of 86 important minerals—including uranium—in pegmatites. 

Brasil: Divisao de Geologia e Mineralogia. 


Bol. 10. Relatorio do Diretor (1938-1942). M. pa Sitva Pinto. Pp. 126. 
1943. Activity of the Department from 1938 to 1942. 

Bol. 14. Grafitos e seu Beneficiamento (Graphites and Their Metallurgical 
Processes). R. B. Trayano, S.C. Waute, J. B. pe Araujo, L. GATTI AND 
M. Batsini. Pp. 108; figs. 6; photos 2. 1945. Detailed study of the dif- 
ferent Brazilian graphites and their metallurgical processes. 

Bol. 16. Ensaios de Beneficiamento de Minérios III (Experiments on 
Processing of Minerals). R. B. Trayano, J. B. pe Araujo, S. C. WAHLE 
AND J. G. pe CarvaLuo. Pp. 102; figs. 7. 1945. Means of processing 
barite, pyrite and sand; their economic aspects. 

Bol. 17. Investigacoes Quimico-Analiticas (Chemico-Analytical Investi- 
gations). L. Baumretp, M. Y. E. Ramos, P. E. F. Barsosa anp L, I. 
Mriranna. Pp. 73; figs. 3. 1945. Reduction of titanium in the Jones 
reductor; its application to the analyses of minerals. Precipitation of the 
tungstic acid at low temperature. Quantitative determination of sircon by 
the phosphate method. Sources of error in the quantitative determination of 
beryl by the 8-hydroxyquinoline. Rapid method to determine carbon in 
pyrite. 

Bol. 18. Espectrografia Quantitativa—Metodo de Energia Total (Quanti- 
tative Spectrography by the Total Energy Method). P. E. F. Barsosa 
AND L, M. A. Bargposa. Pp. 52; figs. 18. 1945. Advantages and disad- 
vantages of the inner standard and the total energy methods; experimental 
conditions; methods for working curves; sources of error. 

Bol. 120. Sobre um Novo Pseudosuquio do Tridssico Superior do Rio 
Grande do Sul (About a New Pseudosuchian of the Upper Triassic 
of Rio Grande do Sul). L. Ivor Price. Pp. 38; pls. 4. 1946. 


Bol. 119. Origem dos Minérios de Ferro e Manganes de Urucum (Origin 
of the Urucum Iron and Manganese Deposits—Matto Grosso). F. F. 
M. pe AtMEiIpA. Pp. 58; figs. 3; pls. 9. Origin and general geology of the 
important iron and manganese deposits in Corumba, one of the largest in the 
world and certainly the largest in America. 

Bol. 117. Bibliografia e Indice da Geologia do Brasil 1941-1942 (Bibliog- 
raphy and Index of the Geology of Brazil). Dotores IGLEsIAs AND 
Maria bE L. Menecuezzi. Pp. 35. 1944. List of geological works on 
Brazil during 1941 and 1942. 

Relatorio Anual do Diretor (Report of the Director, 1941). A. A. Bastos. 
Pp. 70; pl. 1. 1946. Program of the division in 1941 for the different 
geological sections, 

Nota Preliminar 28. Estudo Morfoldgico de Lepidotus Piauhyensis (Mor- 
phologic Study of the Lepidotus Piauhyensis). R. pa Sitva Sanvos. 
Pp. 18; pls. 4. 1945. Morphologic description and discussion of the 
Lepidotus Piauhyensis found in Jurassic and Upper Cretaceous on the border 

of the Parnaiba River. 
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Nota Preliminar 29. Revalidacao de Aspidorhynchus Comptoni Agassiz, 
do Cretaceo do Ceara. Brasil (Confirmation of the Agassiz Aspido- 
rhynchus Comptoni in the Cretaceous of Ceara). R. pa Sitva Sanvos. 
Pp. 12; pl. 1. 1945. 


Nota Preliminar 30. Posicao Estratigrafica dos Novos Horizontes com 
Vegetais (Stratigraphic Position of the New Horizons). J. CAMArco 
MENDES AND S. Mezzayira. Pp. 4; pl. 1; figs. 4. 1946. 


Nota Preliminar 31. Vertebrados Fdésseis do Eoceno Inferior de Itaborai 
(Vertebrate Fossils of the Lower Eocene of Itaborai). LLEWELLYN 
Ivor Price AND CARLOS DE PauLa Couto Pp. 3. 1946. Preliminary study 
of the mammiferous fossils discovered in the State of Rio de Janeiro and 
which seem to have a paleontologic and chronologic importance. 


Nota Preliminar 32. Un pez Jurasico de Mendoza (A Jurassic Fish in 
Mendoza). Cartos Rusconi. Pp. 8; figs. 1. 1946. The Platysomus 
pehuenchensis of the Ganoidei order found in upper Jurassic. 


Nota Preliminar 33. Grafita em Conceicao Macabu (Graphite in the 
Macabu Concession). Atrerto Riserio LAMEGo. Pp. 4; pl. 4. 


Nota Preliminar 34. Noticia sobre novas formas no “Flora de Glossop- 
teris” do Brasil Meridional (New Forms of the “Glossopteris Flora” in 
Southern Brazil). Exrtas Dottanti. Pp. 6; pl. 1. 1946. 


Nota Preliminar 36. Una Nova Especie de Characideo do Terciario do 
Maranhao, Brasil (A New Species of Characinidae in the Tertiary of the 
Maranhao). R. pa Sitva Santos. Pp. 3; pl. 1. 1946. 


Nota Preliminar 37. Sambaqui de Sernambetida. Sercio Mezzatira. Pp. 
12; pls. 3. 1946. 





SCIENTIFIC NOTES AND NEWS 


GERALD FRANCIS LOUGHLIN,: 1880-1946. A MEMORIAL. 


On October 22 Dr. G. F. Loughlin, former Chief Geologist of the U. S. Geo- 
logical Survey and once President of the Society of Economic Geologists, died 
suddenly of heart failure at the home of his daughter, Mrs. W. S. Burbank. 

He was born December 11, 1880, at Hyde Park near Boston. His father, 
John Francis Loughlin, had been brought to this country at the age of two from 
Limerick, Ireland, and was a Customs Inspector when he married Adelia Lane 
of Lanesville, Massachusetts. The couple had four children, of whom Gerald was 
the third. After several years at the Boston Latin School, he entered the Mas- 
sachusetts Institute of Technology, from which he graduated in 1903. His 
studies there were largely guided by Professor W. O. Crosby. During the season 
of 1903, he was a field assistant in the U. S. Geological Survey, and for several 
years thereafter he was connected with the Connecticut Geologic and Natural 
History Survey, working chiefly with Professors Barrell and Gregory. In 1904 
he took a teaching fellowship at Yale, where he won his doctorate in 1906; and 
in the same year he was married to Grace Elizabeth French. 

During the six years that followed, Loughlin taught successively at M. I. T., 
Tufts College, and Boston University, and during the vacations he carried on field 
work in Connecticut and Massachusetts, as a result of which he made important 
contributions to the geology of both states. 

He first went west in 1910, to serve as my assistant amid the forested mountains 
of northern Idaho. We camped out with a pack-train, at a time when the region 
was being devastated by forest fires, and although we ourselves were never in 
danger, another party engaged in the project barely escaped a fiery death. 
Loughlin accepted these primitive and unfamiliar conditions with characteristic 
equanimity, doing good work and winning the good will of everyone who came to 
know him, including the camp hands, for whom he was the chief entertainer at the 
evening camp-fire. 

From this time forth Loughlin worked mainly in the west. In 1911 Waldemar 
Lindgren chose him to assist in a re-survey of the Tintic district of Utah. Lind- 
gren had formed a high opinion of Loughlin’s work as a teacher, but he was sur- 
prised and delighted by the patience and care that he showed, from the very first 
day, in unravelling difficult structure. The Tintic report appeared in 1914 as Pro- 
fessional Paper 107.2, In 1912 and 1913 Loughlin was B. S. Butler’s chief col- 
laborator in making a general reconnaissance of Utah, the report on which, en- 
titled “The ore deposits of Utah,” appeared as Professional Paper 111 in 1920. 


1 Valued help in preparing this memorial has been given by C. H. Behre, Jr., W. S. Burbank, 
E. F. Burchard, L. W. Currier, H. G. Ferguson, A. H. Koschmann, Helen M. Strong, and W. 
C. Mendenhall. 

2 Only a few of Loughlin’s most important papers are cited here, all of them publications of 
the U.S. G.S A complete bibliography wiil of course be given in the memoir prepared for the 
Geological Society of America by E. F. Burchard. 
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It was in 1913 that Loughlin first visited Leadville, to study the oxidized zinc 
ores. His report on this work was completed next year. It had been intended as 
a chapter in the forthcoming general report on Leadville, which however was 
deferred from year to year, so that Loughlin’s account of the zinc ores appeared 
separately, as Bulletin 681, in 1918. He had already studied similar ores at Tintic, 
and was to study them further at Ophir, Utah, and at Magdalena. 

It was also in 1913 that Loughlin was set to collecting statistics on stone, lime, 
and cement. Having become interested in building materials even during his 
college years, he was prepared to make this work not merely statistical but investi- 
gative. He did much, in articles and addresses, to show producers how chemistry 
and petrography could help quarrymen to judge the suitability of a given stone 
for its intended purpose. Statistical work involved administration, and led to in- 
creasing administrative responsibilities whose course may here be outlined. 
Loughlin became chief of the non-metals section of the Division of Mineral Re- 
sources in 1917; in 1919 he headed the metals section of the Division but con- 
tinued to supervise the work on building materials; and he was in charge of the 
entire Division from 1920 to 1924, when the collection of statistics went to the 
Bureau of Mines. He was then made chief of the Section of Metals, and in 1935 
Chief Geologist. In 1944 he was relieved of administrative duties and given the 
title of Special Scientist. 

Loughlin later blamed the first World War for his being “sentenced to admin- 
istrative work,” but although the war narrowed the choice of men having adminis- 
trative capacity, Loughlin’s being chosen for such duties, and still more his con- 
tinuance in them for 27 years, not only bears witness to his capacity but indicates 
that he had some liking for administration. However, he liked research at least 
as well, and for research he had less and less time as his administrative burdens 
increased. Nevertheless he accomplished, in these later years, his best-known 
geologic work, including the reports on Leadville, Cripple Creek, and Magdalena. 

S. F. Emmons had long planned to revise his famous Leadville report, but he 
had done little toward that end when he died in 1911. The work was then put in 
charge of John D. Irving; and when in 1918 Irving lost his life in France, Lough- 
lin was the man best qualified, by ability and previous acquaintance with the dis- 
trict, to complete the project. He accordingly did additional field work in 1919 
and 1922, and the report was published as Professional Paper 148 in 1929. 

An important part of the credit for this report belongs to Loughlin. Emmons 
was indeed named as senior author because of his basic contributions, and Irving 
had left behind him a fairly complete draft. It remained for Loughlin, however, 
to fuse the material left by his predecessors, together with his own observations 
and the information that he gathered from many others, into a coherent whole. 
A man well acquainted with Loughlin’s work at Leadville writes of this achieve- 
ment with enthusiastic praise, pointing especially to the power of memory, espe- 
cially visual memory, displayed in mapping and describing an area of such com- 
plexity, with literally thousands of mine openings. 

At Cripple Creek, in 1924-25 and 1933-34, Loughlin did field work with A. H. 
Koschmann, and the two prepared a report which was published by the Colorado 
Scientific Society in 1935. Loughlin soon perceived that in order to judge the 
practicability of deep development it was of paramount importance to decipher 
the structure, and he seems to have contributed more to an understanding of the 
fissure systems than anyone else. He showed that each focus of intersection be- 
came a source of eruptive rocks and ore solutions, and that deep development 
must converge toward these foci—a prediction that has since been fulfilled. 
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The Magdalena work was the first of these three major projects to be begun 
but the last to be completed. Loughlin first visited the district in 1915, but the 
report (Prof. Paper 200) was not published until 1942. This report will probably 
not receive such wide attention as those on the Leadville and Cripple Creek dis- 
tricts. The Magdalena district, however, illustrates with special fullness the con- 
ditions attending the deposition of certain complex ores, and Loughlin, with the 
help of Koschmann and Lasky, studied it with such thoroughness that the report 
may be regarded as a record of lasting importance. 

Loughlin’s two presidential addresses may be noticed here. 

The first, delivered before the Geological Society of Washington in 1923 and 
entitled “The development and outlook of economic geology,” was never published. 
As Loughlin had then been long engaged in the statistical work which he was 
about to relinquish, it is natural that the address should dwell on statistics, espe- 
cially in predicting future needs. It expresses a hope that such prediction will 
stimulate the search for new deposits, the necessity which Loughlin clearly per- 
ceived even then, as he appreciated, also, the need of foreign studies and of more 
cooperation between geologists and engineers. The address surveys the progress 
of economic geology, appraises the chief contributions to the theory of ore 
deposition, and points out the need of texts on engineering geology and on non- 
metallics that would be comparable to Lindgren’s “Mineral Deposits.” It sets up 
a high standard for economic geologists, and predicts that the demand for their 
services may increase for some 40 years—i.e. to about 1964. 

The address to the Society of Economic Geologists, printed in Economic 
Grotocy for November 1941, is entitled “Comments on the origin and major struc- 
tural control of igneous rocks and related mineral deposits.” It may still be read 
with interest, not only as a record of Loughlin’s matured views but as a broad 
and compact survey of the subject. To explain the beginning of the deformation 
that is characteristic of most mining districts, Loughlin draws upon the results 
obtained by Vening Meinesz and others along the island arcs, and in explaining 
later events he applies his observations at Magdalena. It appears from this 
address that Loughlin reached a view essentially similar to Lindgren’s, but that he 
did so largely by independent thought, after overcoming an initial scepticism. 

Upon his release from administrative burdens, Loughlin did not turn to the 
west but to the east. He probably no longer felt equal to climbing peaks and 
exploring mines, for symptoms of heart trouble had already announced themselves. 
At any rate he was powerfully drawn to New England by interests that, first 
aroused in his youth, were still alive after more than 30 years. The ideas of 
Vening Meinesz appeared to offer an explanation for structures in the sides of the 
Connecticut Valley, which Loughlin conceived of as having been eroded along a 
zone of down-buckling. From this valley he intended to work out in all directions. 
The most definite record of his latest thoughts on this problem consists of two 
rough drafts, the later of which is entitled “An interpretation of the metamorphic 
and structural geology of (western) New England.” He thus appeared in doubt 
as to the area his work should cover. The manuscript. shows, however, that he 
would have drawn for his facts not only upon all the states of New England but 
upon New York, New Jersey, and Eastern Canada. This project would have in- 
volved further study of the literature, together with field work in critical areas, 
some of which he had done during the past two summers. Had life and health 
been spared him for a few years longer, he might have accomplished something 
comparable in importance to his western achievements, and especially dear to his 
heart. 
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In appraising Loughlin’s achievements as a geologist, most readers of these 
lines will remember chiefly his work at Leadville and Cripple Creek. But they 
should not forget his work in Utah, at Magdalena, and in New England. Most 
likely to be undeservedly forgotten, perhaps, is his work on building materials. 
No geologist of his time, I imagine, had a more thorough knowledge of building 
stones or imparted his knowledge more helpfully to producers. To all his geologic 
work he brought a wide and thorough training, a New England conscience, and a 
good head. His clear visual memory served him well in forming structural con- 
cepts. He had the born petrographer’s keen perception of differences in rocks, 
He had an unusual power to concentrate on the task in hand, without which he 
could never have done so much in the time taken from administrative work. 

In his administrative work he may have shown some of the defects of his qual- 
ities. An administrator can sometimes advantageously dramatize objectives, or 
even dramatize himself ; and Loughlin was too modest ever to be dramatic. His re- 
serve—largely a result of shyness—would sometimes appear like over-coolness, 
but he could give counsel that was helpful, sympathetic, and straight to the point. 
One who knew him well describes him as preeminently cooperative. His interest 
in detail probably caused him to do too much himself rather than delegate work 
to others. He seems, for example, to have read critically, word by word, most 
of the manuscripts that required his approval. A colleague well qualified to judge 
once remarked that while some other man might criticize a manuscript more 
effectively for content alone, or form alone, Loughlin, provided the matter lay 
within the scope of his special interests, could do it more good on the whole than 
any other single critic. Whether or not he always spent his energies, in this 
regard and others, to the best possible advantage, there can be no doubt that his 
administration of every office he held was marked not only by great industry but 
by perfect integrity and a high sense of justice. 

What those who understood him best may think of oftenest are his unpretend- 
ing goodness and his humor. Both were veiled, indeed, by his reserved and some- 
what inhibited personality. It was a family joke that he “didn’t believe in sym- 
pathy,” but this only meant that he believed in making light of trouble whenever 
possible. The fact was that his sympathies and affections were strong. His 
marriage was a real one; he and his wife were strongly bound by similarity of 
character, by the taste and talent for music which they had in common, and by 
devotion to their daughter and her two young sons. The Loughlins were living 
at the Burbanks’ home when the end came, and Loughlin had been playing with his 
grandsons, as was his evening habit, a short time before. A colleague who knew 
him intimately for 18 years tells me that he never heard him say a derogatory word 
about anyone, and I, who knew him twice as long, can say the same. He had 
strong opinions indeed, and could express disapproval of things that were done, 
but he seemed never to utter a personal criticism of those who did them that could 
not be couched in terms of rather gentle humor. 

Humor was one of his most pervasive traits. Veiled as it usually was beneath 
a demure exterior, it might pass unperceived in casual contacts, but it continually 
came out in company where he was at ease. He had not the usual arts of the 
raconteur, but to a sympathetic audience the dryness with which he told a story 
could be an enhancement. His ability to see the funny side must have helped him 
greatly to bear some troubles and much hard work. It was only in his last year or 
two that his countenance ever looked sad. 

Physically well made and well coordinated, he was a good ball-player, as he 
demonstrated in early years at Survey picnics and later in sand-lot games with the 
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boys of his neighborhood. He showed a venturesome spirit, also, by working 
his way in college vacations on two ocean voyages, one to England and the other 
to Jamaica. But his chief source of recreation was music. As a boy he thought 
of becoming a professional musician. He was an expert flute-player, and a fairly 
good singer and pianist. He and his wife—a still better pianist—used to join 
in playing the violin sonatas of Haydn, he taking the violin part on the flute. Now 
and again he would improvise on the piano somewhat in the manner of Alec 
Templeton—before Templeton had ever been heard of—or sing a eomic song to 
his own accompaniment. He was a discriminating appreciator of what was good 
in music, at every level from Beethoven to Jerome Kern. Both the Fifth Symphony 
and “You” (it became “Hugh”) supplied melodies for Pick and Hammer shows. 

These annual shows would bring into play not only his musical talents and 
his forbearing perception of human foibles but his ability to take command. As 
he wistfully recalled when standing before the curtain at the last performance 
he was to witness, he took a prominent part in them for more than 30 years. Year 
after year he would help lay out the scenario; he arranged most of the music and 
even composed some of it; he trained the chorus with results that, though some- 
times crude, were remarkable considering the time and human material at his 
disposal; and he generally appeared as the leading actor. In this role he would 
impersonate some prominent member of the Survey, or some distinguished visitor, 
with such barbless wit that the impersonee was often delighted. 

Future shows will carry on a tradition that this many-sided man, in moments 
taken from a career of hard work and high achievement, did much to establish. 
His friends may sometimes think of them as a memorial to him—a cheerful one 
such as he would have liked. 


FRANK C. CALKINS. 


Hucu Roserts, Consulting Geologist of Duluth, Minnesota, gave in early 
February a series of lectures on mining geology to the graduate students of the 
Department of Geology of the University of Wisconsin. 


Paut C. Hensuaw, for the past year acting head of the geology department, 
University of Idaho School of Mines, has resigned, effective February 1. 


J. K. Gustarson, who has been making headquarters at Salt Lake City as 
geologist for the Newmont Mining Corporation, reports that he has a six-months 
leave of absence from Newmont to do consulting work for Zinc Corporation, Ltd., 
and associated companies in Australia, 


Vicror Do_MaGcE has been retained as consulting geologist by Dentonia Mines, 
Ltd. 


R. N. Hunt, Chief Geologist of U. S. Smelting, Mining and Refining Com- 
pany at Salt Lake City, gave a series of lectures to the graduate students in geology 
at the University of Wisconsin late in February. 


The Association of Engineers, issued from the University of Liége, celebrates, 
this year, its Centenary by a Congress and an Exhibition to which engineers and 
industrials are invited. The Congress, which is entitled “Past, Present and Future 
of our Industry,” will take place in Liége Aug. 30 to Sept. 13, 1947, and cover 
Mines, Geology, Metallurgy, Mechanics, Electricity, Chemistry, Civil Engineering, 
Transport, Agriculture, Economics, Professional and Social Problems, Colonial 
Section, Textile, Alimentation, Art of Engineer and Musical Art. More than 700 
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reporters from these sections will discuss the actual state of industrial activity 
in Belgium and its future possibilities. 

During August and September an Exhibition entitled “International Exhibition 
of Scientific Research and Industrial Control” will take place in the three Institutes 
of the Faculty of Applied Sciences, to consider methods and instruments of pure 
research as well as of industrial control, whose development has been retarded 
in Belgium due to the war. Numerous laboratories will be shown at work and 
will be at the visitors’ disposal for experiments. ; 

A.large participation of Belgian and foreign attendance is indicated. 


THe AMERICAN Book CENTER FOR WAR DEVASTATED LiBrariEs has been urged 
to continue meeting the desperate and continued need for American publications to 
serve as tools of physical and intellectual reconstruction abroad at least through 
1947. The Book Center is therefore making a renewed appeal for American books 
and periodicals—for technical and scholarly books and periodicals in all fields and 
particularly for publications of the past ten years. We shall especially welcome 
complete or incomplete files of Economic Geography and the Annotated Bibliog- 
raphy of Economic Geology. 

The generous support which has been given to the Book Center has made it 
possible to ship more than 700,000 volumes abroad in the past year. It is hoped 
to double this amount before the Book Center closes. The books and periodicals 
which personal or institutional libraries can spare are urgently needed and will 
help in the reconstruction which must preface world understanding and peace. 
Ship contributions to the American Book Center, c/o The Library of Congress, 
Washington 25, D. C., freight prepaid, or write to the Center for further in- 
formation. 

E. C. Anprews has been awarded the Mueller Medal by the Australian and 
New Zealand Association for the Advancement for Science in recognition of his 
work on physiography. 


Georce M. Fow ter, of Joplin, Missouri, gave a series of lectures to the grad- 
uate students in geology at the University of Wisconsin during the last- week in 
March. 


Witiram H. Twenuorer of Madison, Wisconsin, and Frepertc H. LAwee of 
Dallas, ‘Texas, were elevated to the rank of honorary membership of the American 
Association of Petroleum Geologists at its Annual Meeting in Los Angeles in 
March, for “distinguished service to the cause of petroleum geology.” Thirty-one 
members of the A, A. P. G. have been thus distinguished during the past 28 years, 
in a total membership of five thousand 





